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Abstract 
Urban Heat Island (UHI) is a common environmental issue facing modern cities, and 
refers to elevated surface and air temperatures relative to the surrounding rural areas. 
Impervious surfaces have a warming effect on urban land surface temperature (LST). 
The development of thermal infrared remote sensing provides opportunities to 
characterise the spatial and temporal structures of surface temperatures, especially for 
the urban areas. Therefore, analysis of urban surfaces via thermal remote sensing has 
played a significant role in monitoring and evaluating urban environmental quality. 
This work presents a comparative study on surface urban heat islands (SUHIs) in two 
cities, Baghdad and Perth, which were selected due to their different geographical 
locations, climatic conditions, and urban landscape patterns. 
The first part of the study evaluates expansion of built-up areas and quantifies its 
effects on the SUHI. Multi-date Landsat data, acquired for the summers of 1976, 1984, 
1992, 2000 and 2015 for Baghdad, and 1974, 1988, 1997, 2008 and 2015 for Perth, 
were used in this study. Linear spectral mixture analysis (LSMA) was used for 
mapping impervious surfaces. These maps were then divided into eight zones (pie 
sections) to quantify spatiotemporal dynamics of impervious surfaces. Spatial, 
temporal, and seasonal variations of LST were investigated using thermal maps, 
retrieved from thermal bands of Landsat data (except those in the 1970s).  
The second part of the study examines the extent to which the urban thermal 
environment is influenced by spatial patterns of land use and land cover (LULC). 
Percent impervious surfaces area (PISA) and the impervious surface analysis tool 
(ISAT) were used to quantify the spatial distribution of impervious surfaces. In 
addition, a set of landscape metrics, including Shannon’s diversity index (SHDI), 
modified Simpson’s evenness index (MSIEI), Shannon’s evenness index (SHEI), and 
patch density (PD) were used to assess urban landscape patterns. A statistical analysis 
between PISA, the landscape metrics and LST for both cities was examined and 
compared. 
The final part investigates thermophysical behaviour of various urban LULC 
categories using surface albedo and LST parameters. These parameters were retrieved 
from two datasets, remotely sensed data (Landsat 8) and in-situ measurements using a 
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pyranometer and an infrared camera. A new method was developed and applied to 
adjust field data to the time of the satellite overpass. The adjusted field data were then 
verified using corrected surface albedo and LST retrieved from Landsat 8. The effect 
of various urban LULC surfaces on the urban thermal environment was then examined. 
Impervious surfaces noticeably expanded in both cities over time. However, expansion 
rates and directions varied in each city. The area of impervious surfaces in Baghdad 
increased by 18.6% (161.9 km2) from 1976 to 2015, whereas an increase of about 
14.1% (68.6 km2) from 1974 to 2015 was estimated for Perth. Landsat data reveal that 
the built-up category of Baghdad city is darker than Perth city, and hence exhibits 
higher temperatures. This finding indicates that the LST is affected by the spatial 
pattern of urban landscape, in addition to urban land use and land cover (LULC) 
characteristics. Inverse relationships for each of the correlations of landscape metrics 
with LST were found between Baghdad and Perth. Surface albedo and temperature of 
built-up categories are characterised by a greater impact on the environment compared 
with non-built up categories. The correlation between adjusted field measurements and 
Landsat 8 data was strong for surface albedo, and moderate for LST. 
In conclusion, overlay ISA maps and then dividing the maps into zones is a powerful 
approach for precisely determining the amount and direction of impervious surfaces 
expansion. The PISA and landscape metrics were shown to be important parameters 
for inferring LST pattern. The adjustment of field measurements was demonstrated to 
be a practical method, and adjusted values were accurate in analysing the urban 
thermal environment.   
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1. Introduction 
1. 1. Research background 
More than 50% of the population of the world currently live in urban areas, and the 
number is expected to increase to 66% by 2050, although most of the increase in 
population has occurred in developing countries (Seto et al., 2011; United Nations, 
2014). According to Madlener and Sunak (2011), cities occupy around 2% of the 
earth’s surface, and increase in urban population has resulted in the loss of previous 
agricultural land and vegetated areas.  
The urban environment has been significantly influenced by a complex process, 
involving rapid urban growth, industrialisation, and other practices of land use 
attributable to increased human activities over time. Many environmental problems 
are driven by rapid urban growth, which appears to affect urban climate (Fall et al., 
2010; Hamdi, 2010; Chapman et al., 2017), urban ecosystems (Jones et al., 1990; 
Turner, 1994), hydrological systems (Konrad & Booth, 2002; Jacobson, 2011), and the 
overall environment (Svirejeva-Hopkins et al., 2004; Lu et al., 2015). 
Changes in land use/land cover (LULC) are causing changes in land surface properties, 
thereby affecting heat storage and albedo (Bounoua et al., 2002; Peng et al., 2011). At 
the local and regional levels, earth’s climate has been significantly modified as a result 
of the interrelationship between land surface and the atmosphere (Voogt & Oke, 2003; 
Zhou et al., 2003). Consequently, urban climate is modulated by increasing surface 
and air temperatures, in addition to changes in climatic variables such as rainfall and 
humidity, for example.     
One of the most common environmental issues that a city is currently facing is the 
urban heat island (UHI) phenomenon. This refers to elevated temperature (both surface 
temperature and air temperature) in an urban area compared with its surrounding rural 
areas (Oke, 1987; Voogt & Oke, 2003; Imhoff et al., 2010). This concept was probably 
first noticed by British scientist Luke Howard in 1818 who observed that air 
temperature in the city of London was higher than its undeveloped rural surroundings 
(Howard, 1833). The UHI phenomenon has attracted considerable attention due to the 
fact that urban climate is modified by changes in LULC. This issue was tested first by 
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Nieuwolt in 1964 based on work in Singapore (Nieuwolt, 1966). Subsequently, various 
data sources, methods, approaches, and models have been developed and employed to 
investigate UHI in a variety of environmental settings, especially in large cities. All of 
them have confirmed that urban areas have higher surface and air temperatures than 
their adjacent rural areas, primarily resulting from the conversion of natural surfaces 
into impervious surfaces. The main effect of urbanization is the variation of the land 
surface temperature (LST) pattern (Bektas Balcik, 2014). This variation is generally 
related to the nature and characteristics of LULC surfaces. In urban areas, increased 
ambient temperature is mainly associated with warmer surfaces (Synnefa et al., 2007).  
The term “impervious surface” is defined as any man-made surface that prevents 
infiltrating of waters into the soil, such as building rooftops, streets, parking lots, and 
footpaths (Schueler, 1994; Arnold Jr & Gibbons, 1996). Impervious surfaces have a 
different absorption rate of solar radiation based on their properties (Uemoto et al., 
2010), and normally have the thermal capacity high enough to store large amounts of 
solar radiation (Wang et al., 2007). Building and paving materials with high thermal 
capacities and higher conductivity, such as concrete, asphalt and bricks, lead to the 
development of UHI effects in their built environments (Stathopoulou et al., 2009; 
Kantzioura et al., 2012).  
Previous literature has identified that the formation of UHIs is related to a number of 
factors that are mostly associated with LULC changes. Consequently, urban 
development, by adding more impervious surfaces, leads to elevated land surface 
temperature (LST), which contributes to the development of UHIs and is detrimental 
to the urban environment, affecting human health, comfort, and quality of life 
(Svensson & Eliasson, 2002; Santamouris et al., 2011). In 2018, NASA's Goddard 
Institute for Space Studies (GISS) reported that global average surface 
temperature anomaly increased to 0.9 °C in 2017 with a generally increasing trend for 
the period between 1880 and 2017 (NASA/GISS, 2018), as illustrated in Figure 1.1. 
In 2016, the historically highest global surface temperatures were recorded. 
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Figure 1.1 Annual global mean surface temperatures observed during the period from 
1880 to 2017 (Source: NASA/GISS, 2018). 
 
High rates of mortality and morbidity have recently been reported in many cities 
around the world due to the increasing frequency of heat waves (Confalonieri et al., 
2007; Gabriel & Endlicher, 2011). Meanwhile, the expansion of impervious surface 
cover has adversely led to many significant climatic and environmental issues, 
including reduction of urban air and water quality (Hurd & Civco, 2004), the alteration 
of sensible and latent heat fluxes, and the increase of intense urban heat islands (Yang 
et al., 2003). In contrast, green cover and water bodies within urban areas positively 
affect urban climate and environment,  due to reduction in UHI effects (Oliveira et al., 
2011). Akbari et al. (2001) reported that urban heat islands emerged during hot 
summer days due to high absorption of solar radiation by impervious surfaces and 
concomitant lack of vegetation.     
The above considerations are most relevant to hot climate cities in terms of the 
magnitude of their effect. However, the UHI effect is a common phenomenon in most 
cities, irrespective of the climatic region (Wong & Chen, 2008). Stewart and Oke 
(2012) noted that a UHI generally exists in most cities regardless of their size and 
geographic location. Moreover, surface and air temperatures differ across a city and 
are normally higher in densely built-up areas than in open green spaces (Jauregui, 
1991; Onishi et al., 2010). These differences are attributed to changes in energy 
balance which are mainly brought about by urbanisation, which is in turn controlled 
by variations in urban structure, form, and urban cover (Oke, 1982). The term “urban 
 Chapter 1        Introduction 
4 
 
cover” describes land use surfaces within a city, including built-up areas, paving 
surfaces, green areas, bare land, and water bodies (Oke, 2006). 
The human impact on urban landscape is significant. Urban expansion and 
refurbishment are constantly taking place in cities over time. Therefore, the spatial 
distribution and configuration of an urban landscape, including buildings, green cover, 
water bodies and other urban components, have been recognised as important factors 
affecting the urban thermal environment (Kottmeier et al., 2007; Bao et al., 2016). 
The UHI effect can be intensified with loss of vegetation cover. Thermal properties of 
an urban area are influenced by the spatial patterns of urban development, particularly 
built-up areas, and changes in land use diversity and landscape fragmentation can 
initiate adverse environmental impacts (Weng, 2007; Shrestha et al., 2012). In contrast, 
summer air temperatures within an urban microclimate can be reduced by increasing 
the amount and spatial configuration of green spaces (Dimoudi & Nikolopoulou, 2003; 
Bao et al., 2016), as well as the presence of water bodies (Manteghi et al., 2015). 
Remote sensing techniques have been used extensively in urban studies, climatologic 
studies, environmental studies, and specifically for UHI studies. Landsat data have 
been successfully used for mapping LULC and environmental monitoring. Use of 
multi-date Landsat data is useful for monitoring the spatiotemporal dynamics of 
impervious surfaces and to determine their impact on the urban thermal environment. 
However, field work instruments are still essential for studying certain issues in more 
detail. The integration of Landsat data with field work and geographic information 
systems (GIS) can provide valuable information for a comprehensive analysis of UHIs 
in different environments and for devising mitigating measures. 
1. 2. Problem statement and designation of parameters 
There is a lack of research on urban heat island (UHI) in Baghdad and Perth. 
Additionally, no detailed information about this phenomenon with regard to 
comparison between cities with contrasting climates, is available. 
As detailed in the background, all cities around the world have generally experienced 
an increase in temperature resulting from the transformation of natural ecosystems into 
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human landscapes over time. However, temperature increase varies from city to city 
as a result of the differences in many factors associated with this phenomenon.  
Baghdad has experienced a period of rapid population growth and accelerated 
economic growth along with a rapid conversion of rural lands to urban surface in the 
last five decades. On the other hand, political and economic conditions significantly 
influenced the urban fabric and form of the city which in turn contributed in creating 
a number of environmental problems, especially rising temperature in the urban areas 
during hot summer days.  
The temperature in the urban environment of Baghdad has incrementally increased 
during the last few decades. This issue has attracted attention due to the fact that an 
increase in temperature during the last several summers was observed, during which 
high temperatures of more than 50 °C were recorded for several days by the Iraqi 
Metrological Organization (IMO, 2015). In a hot climate city like Baghdad, a 
consistent rise in temperature in the city has resulted in many problems (e.g. human 
health, quality and comfort of urban living, increasing energy consumptions).  
Existing methods to study SUHIs rely mainly on land surface temperatures retrieved 
from thermal remote sensing, hence do not deliver satisfactory results for 
heterogeneous areas like a city. This is due to remote sensing data not offering a high 
thermal resolution for large-scale study areas. Therefore, integrating remotely sensed 
data with field work is a practical approach which is able to provide detailed 
explanations about thermophysical behaviour of urban surfaces in a certain urban area. 
However, some challenges remain. They are as follows: 
1. Collecting in-situ data with regards to surface albedo and temperature for 
different LULC categories requires several working hours. The resulting 
problem is the difference in observation times among field measurements of 
various urban LULC surfaces. It is, therefore, essential to employ a new 
method for the adjustment of field data that can be used for further analysis.        
2. There is a further challenge to be faced when combining Landsat data with 
field measurements, with regard to surface albedo and temperatures within the 
urban area. This challenge includes the “mixed-pixel” problem in urban areas 
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resulting from complex landscape types. Additionally, some natural land cover 
types have similar reflectance signatures to man-made surfaces. 
The major aim of this thesis is to assess the effect of the surface urban heat island 
(SUHI) in two contrasting cities, Baghdad and Perth. This work was carried out using 
multi-date Landsat data for the 1970s, 1980s, 1990s, 2000s, and 2015, in addition to 
field observations of surface albedo and temperature. The following research questions 
will be addressed through this work: 
1. What are the spatial patterns of impervious surfaces in the two cities over the 
last five decades? 
2. Are there any significant differences in the spatial patterns of urban landscape 
between the two cities? 
3. How do urban LULC categories for the two cities affect the urban 
environment? 
The specific objectives are:     
a) To evaluate expansion of built-up areas and quantify its effects on the SUHI;  
b) To understand the extent to which the urban thermal environment is influenced 
by spatial patterns of LULC features;  
c) To investigate thermophysical behaviour of various urban LULC categories in 
the two cities. 
1. 3. Significance of the research  
The significance of this research can be related to several aspects of urban studies, as 
outlined below: 
• The urban heat island phenomenon has become one of the most important 
environmental issues, especially in large cities in developing countries, where 
the UHI negatively affects a community's environment and quality of life 
during hot summer days. It compromises human health and comfort, and 
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contributes to air pollution, greenhouse gases, impaired water quality, and 
increased energy consumption. 
• Due to its indirect contribution to global warming through the emission of 
greenhouse gases resulting from human activities, the UHI phenomenon has 
become an important issue at both local, regional and even global scales 
(Alcoforado & Andrade, 2008; Emmanuel & Krüger, 2012).  
• The proposed approach to adjusting field measurements, as a part of this work, 
may provide more accurate results for studying urban environments in greater 
detail. 
• Until now, a considerable number of studies have been done on SUHIs around 
the world; however, a majority of them consider only one or two cities from 
the same spatial domain (e.g., a country). Therefore, this study attempts to 
understanding the pattern of surface temperatures in two contrasting climates 
one from the arid (semi-arid) zone (Baghdad) and one with a Mediterranean 
climate (Perth), with widely different urban development strategies. 
Consequently, it can enhance and add new scientific information. 
• The SUHIs of Baghdad and Perth have not yet been investigated. There is no 
information about the thermal environments of these cities.  
• The outcome of this study may be useful for researchers, urban planners, 
environmental engineers, and authorities in Baghdad in particular, and Iraq in 
general, to tackle the problem of rising temperatures within urban areas. This 
thesis could further help to achieve sustainable development goals in the urban 
environment. 
1. 4. Field instruments, computer software, and data resources  
1. LP PYRA 06 pyranometer to observe albedo 
2. FLIR E5 infrared camera for recording LST 
3. ENVI 5.1 for radiometric correction and dark-object subtraction processes   
4. ArcGIS 10.2 for preparing all maps 
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5. FLIR Tools software to extract the exact values of the surface temperature 
6. The ASTM E1918 procedure for albedo measurements 
7. Metrological data for temperature, relative humidity, rainfall, wind speed, and the 
sunshine 
8. Microsoft Word and Excel for thesis editing 
9. Endnotes for thesis-references editing   
1. 5. Structure of the thesis  
The thesis is organised into seven chapters, as follows: 
Chapter Two provides information about the urban heat island (UHI) phenomenon. 
Relevant literature and existing methods in terms of the relationships 
between impervious surfaces, landscape patterns, and LULC properties 
with LST are discussed. The chapter also provides information about the 
role of remote sensing in mapping impervious surfaces and LULC, and 
retrieving surface albedo and temperature;  
Chapter Three provides a general overview of the two study areas and datasets; 
Chapter Four summarises and discusses the results of, spatiotemporal dynamics of 
impervious surfaces for both Baghdad and Perth during the 1970s, 1980s, 
1990s, 2000s, and 2015, spatiotemporal variations of LST for both cities 
during the 1980s, 1990s, 2000s, and 2015, as well as seasonal variations 
for both cities in 2015. Additionally, relation of LST to ISA growth; 
Chapter Five analyses and discusses the influence of the urban landscape on LST 
patterns for both cities using percent impervious surface area and 
landscape metrics derived from Landsat data;  
Chapter Six investigates and discusses how different types of urban LULC surfaces 
can influence urban thermal environments; and, 
Chapter Seven presents conclusions of this thesis and makes some suggestions and 
recommendations for planning, management, and future work.
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2. Literature review 
2. 1. Introduction 
This chapter presents the theoretical background on the phenomenon of the urban heat 
island (UHI), as well as related concepts. It initially provides an overview of the UHI 
phenomenon. Three main aspects of surface UHI, including impervious surface area 
(ISA), urban landscape pattern, and characteristics of urban land use and land cover 
(LULC) surfaces, are reviewed as well. In addition, this chapter emphasises previous 
studies that have investigated the relationship between the above concepts with surface 
UHI effects using remotely sensed data.  
2. 2. Overview of urban heat island (UHI) 
2.2.1. Definition and concept of UHI  
The term “urban heat island” (UHI) is well-known as a climatological and 
environmental phenomenon, which is typified by urban areas that exhibit elevated 
surface and atmospheric temperatures relative to surrounding rural areas (Landsberg, 
1981; Oke, 1987). It is a detrimental environmental problem in urban areas, affecting 
both climatic and ecological processes, particularly through hot summer periods. It 
describes urban areas that exhibit higher temperatures than their “background” as 
shown in Figure 2.1. 
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Figure 2.1 A general profile for the urban heat island effects (Source: U. S. 
Environmental Protection Agency (1992)). 
UHI has been measured for many cities around the world at a range of scales. It has 
been found that the magnitude of UHI varies from city to city, influenced by several 
factors, such as geographical location, urban structure, building materials, vegetation 
cover, anthropogenic heat and pollutants. Some of the previous studies that measured 
the magnitudes of the UHI in many cities around the world, are listed in Table 2.1.  
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Table 2.1 Representative studies in cities around the world showing the magnitude of 
UHI. 
City 
Measured heat 
islands 
Magnitude Reference 
Delhi (India) Intensity of UHI 
2.8 – 8.3 °C (D) 
3.8 – 7.6 °C (N) 
(Mohan et al., 2009) 
Indianapolis (USA) UHI 
1 – 5 °C (D) 
1 – 3 °C (N) 
(Rajasekar & Weng, 2009) 
Muscat (Oman) 
Maximum intensity 
of UHI 
2.3 °C (D) 
4.3 °C (N) 
(Charabi & Bakhit, 2011) 
Kuala Lumpur 
(Malaysia) 
Intensity of UHI 3.9 – 5.5 °C (N) (Elsayed, 2012) 
Bahrain UHI 2 – 5 °C (D) (Radhi et al., 2013) 
Fuzhou (China) Intensity of UHI 6.73 °C (D) (Lin & Xu, 2016) 
Erbil (Iraq) SUHI 4.59 °C (D) (Rasul et al., 2016) 
Tehran (Iran) SUHI 6 °C (D) (Bokaie et al., 2016) 
Madrid (Spain) Intensity of UHI 5–6 °C (N) (Núñez Peiró et al., 2017) 
Turkey (Izmir) Intensity of UHI 2.82 °C (D) (Yavaşlı, 2017) 
Mumbai (India) UHI 3.4 ºC (D) (Dwivedi & Mohan, 2018) 
Paço do Lumiar 
(Brazil) 
Maximum intensity 
of SUHI 
11.50 ºC (D) (Silva et al., 2018) 
Tainan (Taiwan) 
Maximum intensity 
of UHI 
3 °C (D) 
3.5 °C (N) 
(Chen et al., 2018) 
D= Daytime;  N=Nighttime 
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The energy balance of the urban areas is a basis for the UHI formation. As the Sun is 
the primary source of energy for Earth’s climate system, it is necessary to describe a 
basic energy balance in order to include the heat island phenomenon, and the urban 
surface energy balance is commonly defined as given in Equation 2.1 (Oke, 1987).  
Q* + QF = QH + QE + QS                                                                       (2.1) 
Where:  
Q*    =  net all-wave radiation flux 
QF    = anthropogenic heat flux 
QH     = sensible heat flux 
QE     = latent heat flux 
QS     = ground conduction heat flux 
The radiation balance can be expressed in a budget equation which consists of the net 
of all incoming and outgoing radiations of a surface.   
Q* = K* + L* = K↓ – K↑ + L↓ – L↑                                            (2.2) 
Where:  
K↓    = incoming direct and diffuse shortwave 
K↑    = reflected shortwave radiation 
L↓    = incoming longwave radiation from the atmosphere 
L↑    = outgoing longwave radiation from the surface 
The energy balance partitioning of any surface depends on its characteristics, for 
example its surface reflection ability (albedo) (Christen & Vogt, 2004). This can 
commonly appear in cities with heterogeneous surfaces representing various building 
and paving materials and natural covers. Different surface energy budgets between 
urban and rural areas are recognised to be due to the differences in surfaces 
characteristics, land cover pattern and level of human activity (EPA, 2014). These 
factors can affect the generation and flow of heat that leads to different surface and air 
temperatures in cities, as compared to rural areas, and thus the formation of the UHIs.  
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2.2.2. Types of UHI 
As defined above, the UHI reflects rising temperatures of urban surfaces or urban 
atmosphere in comparison to their surroundings. The UHI is categorised into two main 
types based on the altitude at which they are measured (Oke, 1995; Voogt, 2004):  
1. Atmospheric Urban Heat Island (AUHI) 
The atmospheric urban heat island (AUHI) refers to a warming of the urban 
atmosphere in comparison with the nearby rural surrounding atmosphere. It is directly 
measured by air temperature, recorded via weather stations. It dominantly appears in 
the evening, particularly after sunset, as a result of a slow release of heat from built-
up areas into the cooler ambient air (Sheng et al., 2015). The atmospheric urban heat 
island includes two different types (Oke, 1976). These two types are defined as layers 
in the atmosphere, as illustrated in Figure 2.2.   
 Urban canopy layer (UCL) 
The UCL exists in the layer of air where people live, extending from the ground 
surface upwards to approximately the top of roofs and trees. This type is the 
most commonly observed and is often what is referred to when the term UHI 
is used. The UCL is principally studied by measuring air temperature using 
thermometers in ground stations.    
 Urban boundary layer (UBL) 
The UBL is located above the canopy layer, extending from the top of roofs 
and trees to higher atmospheric levels, although this layer normally extends no 
higher than 1.5 km from the surface of the earth.  
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Figure 2.2 Vertical structure of the atmospheric heat island, showing the urban 
canopy layer and urban boundary layer (Voogt, 2004). 
2. Surface Urban Heat Island (SUHI) 
The surface urban heat island (SUHI) refers to the relative rise of land surface 
temperature (LST) in urban areas compared to their rural surroundings. It is typically 
characterised by a surface temperature recorded from upwelling thermal radiance 
observed or detected by thermal remote sensors such as ground-based, airborne, and 
satellite sensors. The term SUHI was proposed by Voogt and Oke (2003) when they 
employed LST to study the UHI effect. The surface urban heat island type is clarified 
in Figure 2.3.  
 
Figure 2.3 Surface urban heat island type (Voogt, 2007). 
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2.2.3. Causative factors of UHI formation  
The formation of the UHIs is influenced by several processes. In general, impervious 
surfaces such as buildings and pavements, play a key role in creating UHIs because 
they absorb and store heat and then release it again to the urban environment. 
Additionally, urban processes such as industrial processes, electricity generation, and 
human activities, give off heat directly to the urban environment. In this context, 
several processes which are associated with urbanisation have been characterised and 
documented as influential factors that can lead to the generation and enhancement of 
UHIs within the urban environments. For example, the factors listed below have been 
shown to influence the magnitude of the UHI (Oke, 1973; Karl et al., 1988; Atkinson, 
2003; Voogt, 2004; Zhou et al., 2011; Phelan et al., 2015): 
1. Factors relating to urban structure and form (see Figure 2.1) 
 Changes in land cover  
 Properties of building and paving materials  
 Low surface albedo of built-up areas 
 Spatial composition and configuration of urban green spaces 
 Lack of green spaces and water bodies within urban areas 
 Densely built-up surfaces 
2. Factors relating to urban functions 
 Increasing population density 
 Anthropogenic heat  
 Industrial processes and electricity generation  
3. Others factors 
 Weather conditions 
 Geographic location  
 Time of the day and season 
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2.2.4. Effects of UHI  
Urban climates and environments have been negatively affected by a range of 
significant issues directly linked to elevated air temperature. The degree of influence 
varies from city to city based on the UHI intensity. The literature on the adverse effects 
of UHIs may be summarised by the following impacts: 
1. Human health including human mortality and disease. Increased human 
mortality can be statistically related to elevated temperatures, and is 
exacerbated in heatwaves. Recently, a number of studies have stated that high 
rates of mortality and morbidity have been reported during the occurrence of, 
or due to the increased frequency of, heat waves in many cities around the 
world, for example, in Chicago (Semenza  et al., 1996), in the United Kingdom 
(England, Wales, and London) (Rooney et al., 1998), in France (Fouillet et al., 
2006), and in Berlin, Germany (Scherer et al., 2014).  
2. Quality and comfort of urban living may be impacted due to increased human 
discomfort (Davies et al., 2007). 
3. Increasing energy requirements, such as increased water and electricity 
consumption (Kantzioura et al., 2012). According to Akbari et al. (1992), the 
demand on electricity in six American cities (Los Angeles, Washington, 
Phoenix, Dallas, Tucson, and Colorado) increased by around 2-4% for each 1 
°C increase in land surface temperature (LST).  
4. Increased ozone and nitrogen oxides concentrations in urban environments 
(Akbari et al., 1992; Sarrat et al., 2006). According to Rosenfeld et al. (1998), 
the level of ozone in the city of Los Angeles can exceed 120 parts per billion 
by volume (ppbv) at 22 °C and could increase to be 240 ppbv at 32 °C. 
5. Hydrological impacts and effects on soil properties in urban areas (Yang et al., 
2016). 
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2.2.5. The relationship between surface and air temperatures 
Surface temperatures have an indirect, but significant, influence on air temperatures, 
especially in the canopy layer, which is closest to the surface (i.e., the near surface 
climate). Previous studies (e.g., Unger et al., 2009; Zhou et al., 2014b) have proved 
that the LST is related directly to the nature and characteristics of LULC surfaces. 
Therefore, the temperature patterns in an urban region are highly influenced by the 
emissivity properties of urban surfaces and the heat capacity of erected structures 
(Schwarz et al., 2012). According to Lindén et al. (2015), changes in the surface energy 
balance of urban areas are affected by variations of surface properties (e.g., emissivity, 
albedo, surface roughness). Therefore, the relationship between surface temperature 
and air temperature varies over different LULC surfaces and at different times (EPA, 
2014). The surface temperature is very sensitive to changing surface conditions, and 
consequently has a greater spatial and temporal variability than air temperature 
(Tzavali et al., 2015).  
The effect of surface temperature on the atmosphere of urban-rural areas is therefore 
significant. At sunset, urban-rural differential cooling rates are at a maximum when 
rural areas start to cool rapidly; however, urban areas remain warm for longer and then 
cool at a slower rate (Goward, 1981). The difference in air temperatures was found to 
be greatest after sunset and least before sunrise (Tzavali et al., 2015). This was found 
to be due to impervious surfaces within urban areas that absorb and store heat during 
the daytime and then release it later to the atmosphere. Population density and built-
up density, which have been used to distinguish urban and rural areas, also affect the 
temperature patterns in an urban region (Zhou et al., 2017).  Streutker (2003b) 
observed that the urban air temperature in Harris County, Texas in 2000 became 
elevated as a result of increased surface temperature due to the increase in population 
and urban density. Figure 2.4 shows an example of surface temperatures being higher 
than air temperatures during the day, while convergent with them at night. 
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Figure 2.4 Sketch of surface and air heat islands during daytime and nighttime 
(Source: EPA (2014)). 
Understanding the relationship between surface temperature and air temperature is 
essential for the analysis of urban heat islands via remote sensing. The mechanisms 
behind atmospheric urban heat island quantification and that of surface urban heat 
islands are different. Previous research on the analysis of SUHI has mainly employed 
LST measurements retrieved from satellite data, while atmospheric UHI has been 
studied using air temperatures recorded by weather stations (Streutker, 2002). 
2. 3. Using remote sensing data for urban environmental analysis  
Since the early 1960s, remotely sensed data have been employed for observing and 
monitoring the Earth and its environment in a range of applications. Study of the urban 
landscape has been one of the research concerns in the past few decades, with regard 
to its relationship to a variety of environmental parameters. For example, many 
applications, such as measurement of impervious surfaces, mapping urbanization, and 
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quantifying urban landscape patterns, have been linked to important climatic and 
environmental issues using satellite-based multispectral data.  
Recently, the advent of thermal remote sensing has provided further information and 
extra applications for studying urban climates and environments. For instance, thermal 
imagery has been widely used to study urban heat islands (UHIs) using retrieved LSTs 
over urban areas. This technique was first applied by Rao (1972), who used surface 
temperature for a SUHI investigation. Since then, a number of studies have used 
remotely sensed thermal data for investigation of urban thermal climate, and these 
have been reviewed by Gallo et al. (1995); Voogt and Oke (2003).   
Remote sensing imagery has been regarded as an effective data source for analysis of 
urban climate and environment. This is because a wide range of information can be 
obtained from various satellite data at different spatial, radiometric and temporal 
resolutions. In this context, a variety of satellite data such as the advanced very high-
resolution radiometers (AVHRR), the moderate resolution imaging spectroradiometer 
(MODIS), Landsat, advanced spaceborne thermal emission and reflection radiometer 
(ASTER), IKONOS, and QuickBird satellites have been used to study urban areas at 
a range of scales and in various environments. 
Previous studies have shown that Landsat imagery, as a medium resolution data 
source, is appropriate for studying urban thermal environments, since these data 
provide both multispectral and thermal data at the same time. In addition, spatial 
resolutions of the thermal bands are available at 120, 60, 100 m, for Landsat thematic 
mapper (TM) and enhanced thematic mapper plus (ETM+), and Landsat 8 (TIRS), 
respectively (Voogt & Oke, 2003; Weng & Hu, 2008; Martin et al., 2015). A 
considerable number of studies have demonstrated that Landsat has a capability to 
derive LST, ISA, and landscape metrics. 
2. 4. Impervious surface area 
2.4.1. Definition of impervious surface area (ISA)   
Impervious surfaces are generally defined as any man-made land surface that prevents 
water infiltrating into the soil, such as building rooftops, streets, parking lots and 
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sidewalks (Schueler, 1994; Arnold Jr & Gibbons, 1996), while non-impervious 
surfaces include natural surfaces such as vegetation cover, water bodies, and bare land. 
Estimating and mapping impervious surfaces from remotely sensed data has received 
considerable attention in the last two decades, since they have been used to determine 
the impacts of urbanisation. Imperviousness has been documented as an important 
factor related to water and ecosystem quality, urban climatic and environmental 
change, and socioeconomic conditions (Arnold Jr & Gibbons, 1996; Weng et al., 2009; 
Li et al., 2013a). Recently, ISA has been considered to be a critical factor for analysing 
the effects of the UHIs (Tang & Xu, 2016; Meng et al., 2018). 
2.4.2. Extraction of ISA 
Several approaches have been applied to mapping ISA from a variety of remote 
sensing data. The basic methods for mapping ISA were reviewed and summarised by 
Brabec et al. (2002); Weng (2012); Lu et al. (2014). These methods were grouped into 
six categories, based on the use of remote sensing variables and techniques, and are 
outlined in Table 2.2.  
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Table 2.2 Methods for mapping ISA. 
 Category Major techniques 
1 Per-pixel based 
classification methods 
Maximum likelihood classifier; decision tree classifier; 
expert rules 
 
2 Object-based methods Segmentation-based classification 
 
3 Sub-pixel 
classification methods 
Sub-pixel classifier; Artificial neural networks; ISA as 
one endmember 
 
4 SMA-based methods Addition of low and high albedo fractions; modified 
approach based on low-albedo, high-albedo, and land 
surface temperature; Spatially adaptive SMA; 
MESMA; temporal mixture analysis 
 
5 Regression-based 
methods 
Regression-based models which the ISA reference is 
used a dependent variable and various wavelengths 
were used as independent variables. An alternative is to 
use vegetation related variables, such as tasseled cap 
greenness and fraction vegetation cover 
 
6 Threshold-based 
methods 
Threshold based on NDISI; hybrid method based on 
NDVI and cluster analysis 
The urban landscape is composed of different components, including, in general, 
impervious surfaces, vegetation, bare land, and water. However, impervious surfaces 
have a complex pattern in detail, created by the use of a wide range of building 
materials, which in turn lead to a wide variation in spectral signatures (Lu & Weng, 
2004). In relation to this, the problem of mixed pixels among some categories may 
occur, where the same spectral signature can often appear for high reflectance 
impervious surfaces and for bare land. There is also a similarity in the spectral 
signature between dark impervious surfaces that have a low reflectance such as asphalt 
and other features like shadowless surfaces and water  (Lu & Weng, 2004).  
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Linear spectral mixture analysis (LSMA) is considered to be an appropriate method 
for solving the mixed pixels problem in urban areas. It is based on the use of a single 
endmember or a combination of high and low albedo fraction images that was 
suggested by Wu and Murray (2003). Additionally, a number of studies have 
demonstrated that medium spatial resolution data, such as that for Landsat, may be 
used as an effective source for mapping ISA using the method of LSMA, especially 
over a large area (Wu & Murray, 2003; Lu & Weng, 2006). 
2.4.3. Accuracy assessment  
Accuracy assessment is a necessary task for the analysis of classified maps, since those 
maps are derived from remote sensing data that contain inevitable errors of various 
types (Maingi et al., 2002). The accuracy of remotely sensed data, in general, is 
determined by comparing the resultant thematic maps with reference data. Different 
methods have been used to assess the accuracy of produced thematic maps from 
remotely sensed data (Liu et al., 2007). 
Error matrix analysis is currently a common method to assess the accuracy of image 
classification (Foody, 2002). It can provide a basis for accuracy assessment based on 
a simple cross-tabulation representing a number of pixels or polygons in a classified 
map against reference data (Jensen, 2005). This method can estimate accuracy by using 
several variables, as described below (Congalton, 1991; Jensen, 2005).  
a. Overall accuracy (OA) is one of the most common accuracy measures and the 
simplest. It is calculated by dividing the total number of correctly classified 
pixels by the total number of pixels in the reference data. In addition, 
accuracies of individual categories can be computed in a similar way by 
dividing the number of correct pixels in each category by either the total 
number of pixels in the corresponding row or column pixels. 
 Producer’s accuracy (PA) measures errors of omission, which is a measure of 
how well real-world land cover types have been classified. It is computed by 
dividing the total number of correctly classified pixels in a category which 
represents the major diagonal of the matrix by the total number of pixels for 
that category from the total of the column. 
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 User’s accuracy (UA) measures errors of commission, which represents the 
likelihood of a classified pixel matching the land cover type of its 
corresponding real-world location. It is calculated by dividing the total number 
of correctly classified pixels in each category by the total number of pixels that 
were classified for that category from the total of a row. 
b. Kappa coefficient (Kappa) is a statistical measure of agreement between the 
results of classification and ground truth values. It is another accuracy indicator 
compares an observed accuracy with an expected accuracy. Therefore, it is 
considered to be a more reliable measure for assessing accuracy. A kappa result 
can take values of between 0 and 1, and a kappa coefficient equal to 0.8 or 
above it is considered to be a “very good” level of agreement; between 0.6 and 
0.8 represents a “good” agreement; from 0.4 to 0.6 is considered to be 
“moderate”; and 0.4 or below is considered “poor” (Earl-Slater, 2002). 
2.4.4. Methods relating to ISA 
Several tools and statistics have been developed to quantify impervious surfaces for a 
particular area, based on a required objective, including the following: 
2.4.4.1. Percent impervious surfaces area (PISA) 
Percent impervious surfaces area (PISA) is a useful tool for investigating impervious 
surface cover, and its utility for examining the effect on the quality of urban 
environments was investigated by Arnold Jr and Gibbons (1996). Recently, Landsat 
imagery has been effectively used to quantify the amounts of impervious surfaces 
within a limited area. PISA is calculated by dividing impervious surface area for each 
cell or pixel by the total area of that cell or pixel. The values of PISA therefore range 
between 0 and 100%. 
2.4.4.2. Impervious surface analysis tool (ISAT) 
The impervious surface analysis tool (ISAT) is a technique designed to compute the 
percentage of an area covered by impervious surfaces within user-defined geographic 
areas (e.g., watersheds, municipalities, and subdivisions) from satellite data. This tool 
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was developed by the National Oceanic and Atmospheric Administration (NOAA) 
Coastal Services Center (NOAA Coastal Services Center, 2013) for coastal and natural 
resource managers and planners. ISAT was initially developed to determine estimates 
of the percentage of impervious surface area, and helps the user to perform an analysis 
that can determine the potential impact of additional impervious surfaces in new 
developments on water quality (Ward et al., 2015). It can also provide estimates of the 
typical amount of surface water pollution that may be related to increases in 
impervious surfaces over green covers (GWRC, 2010). It has been widely used as an 
indicator of the degree of urbanisation and environmental quality. For example, the 
variation of water quality conditions in the George Washington region during 1996-
2006 has been mapped, based on the amount and percentage change of impervious 
surface area using ISAT (GWRC, 2010). Therefore, this tool can be usefully 
implemented to generate comparison maps for impervious surface evaluation.   
2.4.5. Previous studies about the relation between impervious surfaces and urban heat 
environments 
A review of the relevant literature on ISA indicates that extraction of impervious 
surfaces from Landsat data using linear spectral mixture analysis (LSMA) is a valuable 
and efficient approach. This approach has allowed for an increased focus on mapping 
impervious surfaces and analysing their spatiotemporal dynamics, since it works better 
to subdue the problem of mixed-pixel (Wu & Murray, 2003; Yuan et al., 2008; Weng 
et al., 2009; Kuang et al., 2014).  
Elevated local surface and air temperatures in urban areas, compared with those in 
surrounding rural areas, are mainly associated with the modification of land cover and 
other land use practices (Streutker, 2003a). Impervious surface area, which is an 
important environmental indicator (Arnold Jr & Gibbons, 1996), has been identified 
as a key factor in the formation of the UHI effect (Kim et al., 2017). There are several 
factors with regard to ISA that have been documented as a cause of UHI: (1) changes 
in the physical characteristics of surfaces (surface albedo, aspect ratio, fabric density 
ratio, plan density ratio, green density ratio and thermal mass) (Kolokotroni & 
Giridharan, 2008); (2) changes in the heat fluxes resulting from the urban geometry 
(sky view factor and altitude) (Giridharan et al., 2007); (3) decreases in surface 
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moisture available for evapotranspiration (Xiao et al., 2007); (4) anthropogenic 
activities in urban areas (Murray & Heggie, 2016). Thus, the relationship between ISA 
and LST has been examined by a number of studies conducted using Landsat imagery 
in a range of settings. 
The relationship between PISA and LST was investigated by Yuan and Bauer (2007) 
who studied surface urban heat island effects over the Twin Cities metropolitan area, 
Minnesota. Landsat data, including two images from Landsat 5 TM and two from 
Landsat 7 ETM+ in 2002, were used to retrieve LST from four different seasons. This 
study indicated that PISA was highly correlated to LST for all seasons. It also showed 
that the PISA is an appropriate indicator for efficiently studying the effects of SUHI.  
The relationship between surface urban heat islands and PISA was investigated by 
Zhang et al. (2008) in Shanghai, China. ISA and LST were retrieved from a Landsat 7 
ETM+ image acquired in 2001. LMSA was used to map imperviousness. The results 
showed a strong correlation between LST and PISA, both of which led to enhancing 
the effect of the UHI.  
Using the city of Beijing as a case study, Hao et al. (2016)  investigated changes in 
urban expansion and LST between 1990 and 2014. They also examined the 
relationship between PISA and relative mean annual surface temperature (RMAST).  
Landsat data, including TM, ETM+, and OLI were used to extract data for LST and 
ISA changes over time. The result revealed that an increase in PISA by more than 50% 
led to rising RMAST by more than 1.5 Kelvin. They concluded that land use covers, 
building morphology, and the spatial distribution of buildings and vegetation may have 
an influence on RMAST variations for the same PISA.  
Tang and Xu (2016) examined the quantitative relationship between ISA and LST for 
six cities in China. Landsat ETM+ images were used to extract impervious surfaces by 
applying LSMA and to retrieve LST. They found that there was a significant positive 
correlation between ISA and LST for the six cities. They also showed that elevated 
LST was significantly associated with increased PISA in those cities. 
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2. 5. Urban landscape pattern 
2.5.1. Concept and definition of urban landscape 
The term “urban landscape” is a description of complex spatial patterns of different 
LULC types, and additionally, it can be regarded as a form of complex social, 
economic, and natural ecosystem (Wu, 2008). Luck and Wu (2002) point out that 
physical, ecological, and socioeconomic processes within cities can be influenced by 
their spatial patterns. Landscape ecology refers to three landscape characteristics, 
namely structure, function and variations of the landscape over time (Botequila Leitao 
et al., 2006). The linkage between the spatial pattern of cities and ecological processes 
can provide a better understanding of the urban ecosystem (Sukopp, 1998; Luck & 
Wu, 2002). 
2.5.2. Landscape metrics   
Landscape metrics or indices are broadly defined as quantitative measures to describe 
and evaluate the spatial pattern of a landscape (Herold & Menz, 2000; Reis et al., 
2014).  
Spatial metrics were first used in landscape ecology to quantify patterns of vegetation 
in natural landscapes in the 1980s (McGarigal & Marks, 1995; Herold et al., 2005). 
Since then, urban areas have received significant attention with regard to their 
ecosystems, and a number of landscape metrics have been suggested, developed, and 
investigated to examine the relationship between urbanisation and ecological 
conditions. In the last few decades, landscape metrics have been increasingly used for 
a range of applications, for example, to characterise urban patterns, to compare spatial 
patterns between different places, and to understand the spatiotemporal dynamics of 
urban patterns (O'Neill et al., 1988; Herold et al., 2005; Banzhaf et al., 2009). Recently, 
the relationship between landscape pattern and ecological processes has been 
investigated using various metrics (Turner, 2005). It is therefore important to 
understand the scientific context of existing landscape metrics in order to appropriately 
use them. 
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2.5.2.1. Levels of landscape metrics 
Landscape metrics characterise a landscape on the basis of the level of heterogeneity, 
and may be grouped into three levels, including patch level, class level, and landscape 
level (Botequila Leitao et al., 2006) (Figure 2.5).  
 
Figure 2.5 Patch, class, and landscape-level metrics (Botequila Leitao et al., 2006). 
Each one of these levels may be explained as follows:  
 Patch level: a patch can be defined as a relatively homogeneous land cover type 
which differs from its surrounding areas. It is represented as a region or 
polygon in spatial data models. The spatial character and context of the patches 
may also be defined and characterised at this level.  
 Class level: a class is a group of patches (regions or polygons) that have the 
same type of land cover. Class level metrics measure and quantify 
characteristics of all patches at the same land cover type (LCT). Different 
parameters at the class level can be quantified, such as total extent, average 
patch size and degree of aggregation. 
 Landscape level: a landscape is a group of all patches (regions or polygons) 
within the area of interest including all land cover classes. Landscape level 
metrics characterise the composition and configuration of the mosaic of 
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patches within the area of interest. Landscape metrics are generally types of 
landscape heterogeneity indices, and therefore, metrics at this level are used 
for overall landscape pattern recognition. 
2.5.2.2. Components of landscape metrics 
In general, spatial relationships among component parts can be used to distinguish 
landscapes. Two essential aspects of this, composition and configuration, may be used 
to describe a landscape via different metrics or indices (McGarigal & Marks, 1995).  
 Landscape composition is easily quantified and refers to features associated 
with the presence and amount of different patch types on the landscape, but 
without explicitly describing their spatial features. Composition metrics are 
used at the landscape level because the measurement of composition requires 
integration over all patch types. 
 Landscape configuration refers to the spatial or physical distribution of patches 
within the class or landscape level. Configuration metrics of individual patches 
are spatially explicit at the individual patch level, such as mean patch size and 
shape. Configuration can also be quantified by some metrics in terms of the 
whole class or landscape, and these metrics are spatially explicit. 
2.5.3. Previous studies of urban landscape patterns and LST relationships by 
landscape metrics 
The relationship between landscape patterns and ecological processes can be more 
clearly understood by quantifying the spatial heterogeneity patterns of the landscape 
(Turner, 1990; Turner et al., 2003). The impact of urban landscape patterns on urban 
ecosystems using various spatial metrics has been examined in a number of studies 
(e.g. O'Neill et al., 1988; Liu & Weng, 2008; Su et al., 2012). In addition, recent 
analysis of the relationship between the spatial patterns of landscape and LST patterns 
using landscape metrics has attracted attention, particularly in urban areas.  
The relationship between landscape patterns and LST in terms of seasonal variations 
was investigated by Liu and Weng (2008) in Indianapolis, USA, using four Terra 
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ASTER images. In order to quantify the spatial characteristics of landscape patterns 
and LST zones, five class-based metrics and two landscape-based metrics were 
computed from dominant LULC types. The results showed that the spatial 
characteristics of urbanization and UHIs can be precisely characterised by quantifying 
landscape and LST patterns using landscape metrics.  
The relationship between landscape metrics derived for urban, grassland, and 
agriculture, and LST zones over the southwestern Sydney metropolitan region and the 
surrounding fringe was quantitatively analysed by Zhang et al. (2013b). Two-temporal 
Landsat TM images from 1993 and 2006 were used to estimate LST and landscape 
indices, such as patch density (PD), perimeter-area fractal dimension index 
(PAFRAC), aggregation index (AI), and mean patch size (MPS), at the class level. The 
results showed that the spatial characteristics of each LULC category and the urban 
thermal environment can be precisely characterised using the relationships between 
landscape metrics and LST. 
Assessing the effects of land use spatial structure on urban heat islands using HJ-1B 
remote sensing imagery in Wuhan, China, was a case study performed by Wu et al. 
(2014). In this study, the relationship between landscape metrics and LST using the 
HJ-1B satellite system were analysed at the class and landscape levels. Four types of 
LULC categories, including built-up areas, cropland, forest, and water were quantified 
for this analysis using a percentage of the landscape (PLAND), patch density (PD), 
edge density (ED), and landscape shape index (LSI) at the class level. Additionally, 
three other landscape-based metrics, such as contagion index (CONTAG), Shannon’s 
evenness index (SHEI), and Shannon’s diversity index (SHDI) were used as well. The 
results indicated that the UHI was affected by the landscape composition and the 
spatial configuration of the quantified LULC categories. 
Asgarian et al. (2015) studied the influence of spatial patterns of green cover on LST 
in the urban area of Isfahan, Iran, using a Landsat ETM+ image from 2002. Five spatial 
metrics, including patch area (AREA), perimeter to area (PARA), core area index 
(CAI), shape index (SHAPE), and nearest distance (ND) were used in this analysis. 
They found that the spatial pattern of green space, determined by the magnitudes of 
landscape metrics, was significantly correlated with LSTs.   
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The influence of the spatial distribution of green spaces on the UHI pattern in Baotou, 
China was analysed by Bao et al. (2016). In this study, Landsat 5 TM images (from 
2000, 2004, 2007 and 2011) and a Landsat 8 OLI image (from 2014) were used to 
describe the pattern of UHI intensity by extracting LST and deriving seven landscape 
metrics. These metrics included aggregation index (AI), class area (CA), evenness 
index (SHEI), landscape shape index (LSI), number of patches (NP), perimeter area 
ratio (PARA), and Shannon’s mean patch fractal dimension (FRAC_MN). The results 
of this study demonstrated that optimising the spatial configuration of green spaces, 
along with their sizes, can play an important role in mitigating the UHI effects within 
an urban area. 
2. 6. Characteristics of urban cover surfaces 
The term “urban cover” describes land use and land cover surfaces in a city, generally 
included built-up areas, paving surfaces, green areas, bare land, and water bodies (Oke, 
2006). Variations in surface characteristics with regard to the spectral reflectance and 
solar absorption, thermal capacity, and heat conductivity can directly influence LST 
pattern of an urban cover (Le-Xiang et al., 2006). Therefore, urban cover 
characteristics are considered to be an important factor in assessing urban thermal 
environments. 
2.6.1. Optical and thermal properties of urban cover surfaces 
Urban areas consist of heterogeneous patterns of urban LULC categories. Generally, 
conversion of LULC types, having different characteristics, can lead to significant 
changes in thermal conditions within urban areas. Furthermore, impervious surfaces 
with a variety of building and paving materials are known to alter the energy balance 
in urban environments by absorbing more than reflecting the incoming solar radiation 
(Stathopoulou et al., 2009). Santamouris et al. (2011) demonstrate that the use of 
materials that strongly absorb solar radiation is the main cause in generating the UHIs. 
Previous studies have indicated that surface albedo and land surface temperature (LST) 
may be effectively used to investigate and evaluate urban environments using remotely 
sensed data or field measurements, as follows:   
 Chapter 2        Literature review 
31 
 
 Surface albedo is defined as the fraction of the shortwave and near-infrared 
incident radiation that is reflected from a surface (Taha et al., 1988; Taha et al., 
1992; Janjai et al., 2006). Surface albedo measurement plays a significant role 
in determining the effect of the thermal performance of urban cover on the 
environment (Li et al., 2013b), the energy balance of the ground surface 
(Akbari et al., 1990), the thermophysical properties of pavements (Kushari & 
Kanitpong, 2011), the radiative balance of the earth’s atmosphere (Janjai et al., 
2006), and urban climates and heat islands (Taha, 1997).  
 Land surface temperature (LST) measurement is an important means of 
monitoring climatic and environmental phenomena, especially those related to 
thermal properties of Earth’s surface (Becker & Li, 1990). Thermal imaging 
records the emitted radiation from the ground surface in the spectral range of 
8-14 µm either by thermal remote sensing (Prakash, 2000) or by portable 
infrared cameras. Surface temperature measurements have been widely used to 
study UHIs (Voogt & Oke, 2003; Bechtel et al., 2012; Sobrino et al., 2013; 
Ahmed et al., 2014), for energy balance and ecological studies (Gillespie, 
2014), and to monitor urban development (Khandelwal & Goyal, 2010; Thi 
Van & Xuan Bao, 2010). 
2.6.2. Thermal behavior of LULC   
Urban climates and environments have been widely investigated in terms of the effect 
of LULC characteristics at local, regional and even global levels. Surface albedo and 
LST, which can be retrieved from remotely sensed data, laboratory or hand-held 
instruments, have been used to determine the optical and thermal performance of urban 
covers.  
An analysis of heat flux for various pavement materials in the Saitama University 
Campus, Tokyo, was carried out by Asaeda et al. (1996). In this study, they examined 
the effect of heat flux of several materials including asphalt, concrete, dry sand, 
macadam and bare soils, on the lower atmosphere during the summer season. Intensive 
measurements were taken in 1990 and 1991. Physical properties and ground 
temperatures were measured with thermocouples, heat flux was measured with a 
radiometer, and infrared radiation of the surfaces was measured by pyrgeometer. A 
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hand-held KANOMAX, CLIMOMASTER model 6511 meter was used to measure 
ambient air temperature, wind velocity and humidity. They found that asphalt had a 
greater ability to emit surface heat and a higher heat storage capacity than the other 
materials, such as concrete and soil. 
Prado and Ferreira (2005) conducted a study in Brazil to measure albedo and analyse 
its effect on the surface temperatures of building materials. They used a 
spectrophotometer in the laboratory, with a range of 290 to 2500 nm, to measure the 
spectral characteristics of building materials. They examined many popular materials 
for roofs, including ceramics, fibrocement, aluminium, stainless steel, coated metal 
and coloured cement. They found that surface temperatures were lower than air 
temperatures for only red and white ceramics compared with many other materials that 
were measured under the established climatic conditions. They suggested that albedo 
or reflectance should be used as a parameter by manufacturers in determining the 
suitability of materials used for roofing.   
Synnefa et al. (2007) examined optical properties and the thermal performance of cool-
coloured coatings that had been developed to mitigate the effect of the urban heat 
islands. These coatings were applied on concrete pavement tiles and samples of these 
tiles were collected and placed on a horizontal platform. Surface temperature was 
measured by a sensor (thermocouples type K) connected to a data logging system, as 
well as to an infrared camera (AGEMA Thermovision 570, 7.5– 13 µm). A Devices 
and Services emissometer model AE was used to measure the infrared emittance. A 
UV/VIS/NIR spectrophotometer (Varian Carry 5000) was used to measure the spectral 
reflectance. They found that all the developed coatings had higher values of spectral 
reflectance than those of standard coatings, and consequently had lower surface 
temperatures.      
Using the City of Athens as a case study, Stathopoulou et al. (2009) studied the surface 
heat island by measuring the optical and thermal properties of building and paving 
materials. They analysed SUHI using Landsat 5 (TM) and ASTER data during the 
daytime and nighttime. They furthermore examined the optical and thermal properties 
of the building materials that were commonly used in the study area, using a 
UV/VIS/NIR spectrophotometer (Varian Carry 5000) and the emissometer model AE 
to measure spectral reflectance and infrared emittance of the samples of materials, 
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respectively. A total of 78 building materials, including asphalt, concrete, marble, 
mosaic, ceramic, stone, rubber, coatings and membranes were selected. The results 
showed that the urban surfaces were cooler than open and non-urban surfaces in the 
city surroundings during the daytime. In addition, different spectral reflectance and 
emittance values were determined for the samples and these depended on the optical 
and thermal properties of those materials. 
A study was carried out by Sobrino et al. (2013) in the City of Madrid to evaluate the 
surface UHI effect using remote sensing data. An ASTER image, Airborne 
Hyperspectral Scanner (AHS) (71-80 TIR bands), RAYTEK MID, and Heitronics 
radiometers, and an NEC TH9100 thermal camera were used to derive and record 
thermal properties of surfaces, such as surface temperature, emissivity and downward 
atmospheric radiance. They also used ASD FieldSpec3 and GER 1500 
spectroradiometers to measure spectral reflectance. Images and ground-based 
measurements were acquired during June and July of 2008. In this study, they analysed 
different surface materials such as concrete, pavement, brick, asphalt, metal, steel, bare 
soil and green grass. The study showed that the use of LST maps with a Temperature 
Emissivity Separation (TES) algorithm, derived from thermal imagery, are an 
appropriate method to study surface urban heat islands.   
Recently, the relationship between surface albedo and LST for urban cover surfaces 
has been investigated to assess the urban thermal environment. The relationship 
between surface albedo and temperature in Perugia and Aprilia,                                                                                                                                                                                                                                                                                                                                                                    
Italy, was examined by Bonafoni et al. (2017) using data retrieved from different 
satellite and airborne sensors. In addition, in-situ measurements of albedo were taken, 
using an albedometer Delta Ohm Pyra 05, at 12:00 Central European Summer Time in 
Perugia area. An inverse linear relationship between albedo and LST was found for 
both satellite and airborne observation, and for in-situ measurements. 
2. 7. Knowledge gaps in previous studies 
Since the UHI phenomenon has attracted significant attention, a considerable number 
of studies have examined and analysed UHIs at a range of scales. Many aspects have 
been considered as causative and contributive factors in the UHI formation by using 
different data sources, techniques, models, and approaches. However, previous 
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literature has typically evaluated SUHI using satellite data, and considering one or two 
cities from the same spatial domain (e.g. the same country). A single climatic zone has 
usually been representative for a study, and most studies have emphasised the impact 
of a specific category such as vegetation or built-up areas on the LST pattern. 
Additionally, most studies have considered a single factor in examining its effect on 
the SUHI.  
In this thesis, a comprehensive analysis was carried out for evaluating the SUHI in two 
contrasting cities, Baghdad and Perth, with regard to urban development, landscape 
patterns, building and paving material characteristics, urban planning, legislation and 
regulations of city management, and socio-economic factors. Analysing and 
comparing SUHI patterns of the two cities with dissimilar climates using an integrated 
approach, including several aspects, such as spatiotemporal dynamics of built-up 
areas, spatial patterns of urban landscape, and urban LULC characteristics, to LST 
may enhance our understanding of the effect of SUHI. Comparing spatial patterns of 
SUHI in cities from both developed and developing countries is also expected to 
benefit researchers working on the urban thermal environment. 
Through review of previous studies, it is apparent that it is better to develop and 
enhance existing methods for studying SUHI, particularly with regard to accuracy 
analysis.  These methods are summarised below:  
Regarding extraction of impervious surfaces from Landsat data, previous studies 
indicate that use of linear spectral mixture analysis (LSMA) is a valuable and efficient 
method. However, the problem of mixed-pixels among some categories still exists in 
some studies. In this thesis, therefore, an approach has been employed to be able to 
accurately map imperviousness by adding and enhancing some processes (as 
mentioned in Section 4.2.2). The produced maps have been overlaid and divided into 
eight zones for a better understanding of spatiotemporal dynamics of impervious 
surfaces.  
 A few studies examined the relationship between landscape metrics and LST 
using Landsat data. Those studies focused on a certain land cover category, 
such as vegetation, in analysing its effect on the ecological environment (Zhang 
et al., 2013b; Asgarian et al., 2015; Bao et al., 2016). Additionally, existing 
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landscape metrics are not commonly used to examine relationships with LSTs. 
In this work, more specific landscape indices were employed, based on 
objective criteria regarding their relevance to the spatial analysis of urban 
areas, in order to investigate urban landscape and LST patterns. In addition, an 
appropriate scale with 100 × 100 m of the spatial resolution was adopted to 
apply metrics and examine LSTs at the landscape level.  
 In terms of analysing the effect of LULC categories on the urban thermal 
environment using field measurements and remotely sensed data, the literature 
indicates the following: 
a) Different procedures have been adopted for field measurements. The first 
involves taking samples from several categories for testing in a laboratory and 
using specific equipment. The second method collects samples from many 
categories in one place (such as a platform). The third method uses a hand-held 
instrument to record data in-situ directly. These methods, in fact, do not give a 
realistic representation of the thermal behaviour of the tested categories since: 
(1) Thermal performance of collected samples may be affected when their 
interaction with the local ambient conditions changes.  
(2) The differences in times among observed readings of several 
categories can affect the comparability of thermal measurements and 
hence influence the accuracy of the analysis.  
b) For remote sensing data, using multi-sensor to examine the thermal pattern in 
the two cities is problematic, due to the differences in the time of image 
capture.  
A detailed analysis of the SUHI based only on the parameters of albedo and LST 
retrieved from remotely sensed data is effective but not adequate. The use of field 
measurements is crucial to determine an actual representation of the thermal behaviour 
of urban LULC surfaces. In this thesis, therefore, a new method has been adopted to 
adjust field measurements and overcome the above-mentioned problems. This method 
has also been of assistance in comparing and integrating field derived data with 
satellite data. 
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2. 8. Chapter summary 
This chapter provided an overview of the phenomenon of the UHI in terms of its 
definition, concept, causative factors, and effects. Additionally, it reviewed the main 
issues associated with SUHIs, including impervious surfaces, landscape patterns, and 
urban LULC characteristics. Previous studies have confirmed that linear spectral 
mixture analysis (LSMA) is an effective method for extracting and mapping 
imperviousness, particularly from Landsat data. They also consider that impervious 
surfaces are an important indicator for studying the UHIs. In addition, knowledge of 
surface temperature is important not only to obtain boundary conditions for the 
atmospheric temperatures, but also to understand the environmental effects on human 
beings. Landscape metrics were briefly introduced and the most relevant studies on 
their relationship with LST patterns were reviewed. The methods used for 
investigating the impact of optical and thermal properties of urban surfaces on urban 
climates and environments were also reviewed. Remotely sensed data may still not be 
sufficient to provide detailed information on urban thermal environments. Therefore, 
the integration of satellite data and ground data is very important in understanding 
thermal behaviour of various LULC categories within complicated urban areas.
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3. Study areas and datasets 
3. 1. Description of study areas 
This chapter presents an overview of the two study areas: the central metropolitan 
regions of Baghdad and Perth. Several studies (e.g., Zhou et al., 2014a; Yang et al., 
2017) have demonstrated that the patterns of the urban thermal environment differ 
from area to area due to climatic divergences. The different patterns of surface 
temperature have also been related to characteristics of land cover (i.e., physical and 
biochemical properties). Mathew et al. (2016) indicated that the spatial pattern of 
impervious surfaces significantly influence the LST patterns. In light of this evidence, 
Baghdad and Perth have been selected as the study sites, in order to determine factors 
affecting LST (and hence, SUHI) in different geographical locations and climates, as 
well as contrasting urban planning strategies, legislation and regulations for city 
management, landscape patterns, building materials, and socioeconomic factors.  
In addition, SUHIs have not yet been studied for Baghdad and Perth. Studies on SUHI 
using remotely sensed data around the world have usually considered one or two cities 
from the same spatial domain (e.g. the same country). A single climatic zone has 
usually been representative for these studies, and most have emphasized the impact of 
vegetation or built-up areas on the spatial pattern of LST.  
Evaluation of the thermal behaviour of two contrasting cities may therefore provide a 
potentially unique contribution to the field of thermal remote sensing, particularly to 
the phenomenon of UHI. Meanwhile, evaluation of SUHI for cities from both 
developed and developing countries is also expected to benefit researchers working on 
urban thermal environments. Studying two contrasted cities may be useful for 
formulating sustainable urban environmental management by determining the 
causative factors and devising pertinent strategies for mitigating the effect of SUHI in 
cities.  
When studying urban thermal environments in two contrasting cities, it is necessary to 
identify the geographical characteristics of these areas. An understanding of the 
thermal and environmental conditions of these cities is therefore developed in this 
chapter. 
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Geographical location is considered to be a key element in determining the climatic 
effects of a region. The first study area, Baghdad, is located in central Iraq, which is in 
the Middle East. It is bordered by Turkey to the north, by Iran to the east, by the 
Arabian Gulf to the southeast, Kuwait and Saudi Arabia to the south, Jordan to the 
west, and Syria to the northwest. Perth on the other hand is situated in the southwest 
of Australia, and is bounded by the Indian Ocean to the west. It is the capital of Western 
Australia.  
In the field of climatology, local characteristics of urban climate have been shown to 
be affected by urbanisation (Hu et al., 2006). Climate is defined as the average weather 
in an area (Washington State Department of Ecology, 2017). Average temperature, 
precipitation, humidity, and wind measurements can be used to describe climate over 
time in any particular place, and are also used in analysing urban climatic 
environments. In this chapter, mean monthly temperature (°C), rainfall (mm), relative 
humidity (%), wind speed (km/h), and sunshine hours have been adopted to define the 
climatic conditions and trends for each city. The average of the all monthly means for 
the periods of 2011, 2012, 2013, 2014 and 2015 for each variable was computed for 
the both cities. These data were obtained from the Iraqi Meteorological Organization 
for Baghdad (IMO, 2015) and from the Australian Bureau of Meteorology for Perth 
(BOM, 2015).  
Temperature has been applied as the major parameter for studying urban heat islands 
(Oke, 1987), but other climatic elements have also used in investigating urban thermal 
environments. For example, wind speed and direction have been documented to 
monitor a cooling effect in urban areas, and the consequent decrease in UHI effects 
(Rajagopalan et al., 2014). Adebayo (1987) attempted to use relative humidity as a 
measure, but found that there was no significant effect on this caused by urbanisation. 
Others factors such as nearby water, ocean currents, landform latitude, and vegetation 
cover may also have an influence on the climate of any particular place. The climate 
types of the Baghdad and Perth study areas, based on the Köppen-Geiger climate type 
map, are shown on Figure 3.1. 
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Figure 3.1 Köppen-Geiger climate type map of the world, showing the climate type 
of Baghdad and Perth (Peel et al., 2007). 
Urban heat islands are also strongly associated with socioeconomic activities (Huang 
et al., 2011), and the demographic characteristics of a city in term of its population size 
(Oke, 1973). Urban expansion is mainly associated with population growth to 
accommodate an increasing population size (Marshall, 2007), and urbanisation is 
generally represented using population density and urban growth data (Seto et al., 
2012). Angel et al. (2011) point out that urban areas of most cities around the world 
expand on average twice as fast as their local population growth rates. 
A general overview of both cities in terms of the geographical location, climate, and 
demographic characteristics are described below. 
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3.1.1. The study area of Baghdad 
3.1.1.1. Geographical location 
The study area of central Baghdad is located in the eastern-central part of Iraq, on both 
sides of the Tigris River with geographic extant of 33.18° N to 33.49° N latitudes, and 
44.19° E to 44.57° E longitudes (Figure 3.2), covering a total area of 870.4 km2. It has 
an average elevation of 32.1 m above mean sea level (USGS, 2016a). It is the capital 
and major city of Iraq, which is considered as the administrative, commercial and 
educational centre in the country. 
 
Figure 3.2 Satellite image showing the area and location of Baghdad study area 
(Landsat 8, bands 7, 5, 3). 
3.1.1.2. The climate 
According to the Köppen’s climate classification system, Baghdad city is located in a 
semi-arid and subtropical desert climate type (BWh). Table 3.1 describes BWh 
climates (Peel et al., 2007).  
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Table 3.1 Köppen’s definition of arid and semi-arid climate (BWh) (Peel et al., 
2007). 
Code Type Description 
B Dry climate / Desert 
Annual evaporation higher than 
precipitations. No permanent rivers. 
W 
Dry (arid and semi-arid) 
climates 
Annual precipitations < 250 mm. 
h Dry and heat Annual average temperature > 18°C. 
Figure 3.3(a) shows the mean monthly minimum temperatures (Tmin) and maximum 
temperatures (Tmax) in Baghdad. These values appear to have a similar trend during 
the period between 2011 and 2015. It should be noted that the difference between Tmin 
and Tmax was larger in summer and smaller in winter. The lowest mean monthly Tmin 
and Tmax were in winter, especially in December and January when they were 7.8 °C 
and 6.2 °C for Tmin and 16.4 °C and 16.2 °C for Tmax, respectively. Whereas, the highest 
mean monthly Tmin and Tmax were recorded during summers when they were 30.2 °C 
and 44.8 °C in July and 29.4 °C and 44.4 °C in August, respectively. The average of 
the annual mean maximum temperature was 30.6 °C for the period 2011-2015, while 
the average of annual mean minimum temperature was 18.5 °C. 
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Figure 3.3 Mean monthly values of: (a) temperature; (b) rainfall; (c) humidity; (d) 
wind speed for Baghdad, 2011-2015. 
The climate of Baghdad can be characterised as dry and extremely hot in the summer 
season, especially in July and August. High temperatures during summer are 
remarkable, reaching 51 ºC during heatwaves days in 2015 (IMO, 2015). This makes 
it one of the hottest cities in the world in terms of peak temperature. In contrast, the 
temperature decreases markedly during the short, cool winter months, which stretch 
from December to February, when temperature occasionally reaches 1 °C. The autumn 
months are September, October, and November, which have warm sunny days and 
cooler nights, with a mean maximum temperature of 26.1 °C. The spring months are 
March, April, and May, which are sunny and warm, with a mean maximum 
temperature of 24.2 °C. 
As seen in Figure 3.3(b), the annual rainfall of Baghdad was 119 mm, and only occurs 
during winter, spring, and autumn, with most rainfall expected during the winter. 
Several studies have documented that the long-term annual rainfall of Baghdad is 
between 100-200 mm (Ali et al., 2015). Notwithstanding, the rainfall amounts for 
Baghdad decreased significantly during the period 1938-2008 (Al-Dabbas et al., 
2015).  
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The trends in mean monthly high and low relative humidity in Baghdad during the 
period 2011-2015 are shown in Figure 3.3(c). The mean high relative humidity was 
lowest in the summer months, being 26% and 27.2% in July and August, respectively. 
Winter months such as December and January had the highest mean relative humidity, 
at approximately 84.2% and 83.5%, respectively. The mean low relative humidity 
followed the same trend as the high relative humidity through all months of the years, 
but with much lower values.  
Mean monthly wind speed is illustrated in Figure 3.3(d). It ranged from 7 km/h to 10.8 
km/h over the period 2011-2015. It increases in the spring and summer seasons and 
decreases through autumn and winter. The average annual mean wind speed is 
approximately 8.6 km/h. In Baghdad, the prevailing wind directions are generally 
north-westerly in spring and summer. These winds are dry and bring sandstorms from 
arid and semi-arid land surrounding Baghdad (Jassim & Goff, 2006).  
In addition to these meteorological variables, sunshine hours is also an important 
meteorological variable that has been widely used in various fields and applications 
such as urban planning studies (Shao, 1991). Baghdad receives between 2800 to 3300 
hours of annual bright sunshine (Alasady, 2011). 
3.1.1.3. Demographic characteristics  
According to statistical data from the Iraqi Ministry of Planning, Central Statistical 
Organization, the population growth of Baghdad province has been reported through 
censuses of 1947, 1957, 1967, 1977, 1987, and 1997, in addition to the estimated 
statistical data during 2003 and 2011. The population of Baghdad province increased 
dramatically through these years, as shown in Figure 3.4. 
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Figure 3.4 Population growth of Baghdad province (CSO, 2012). 
Population growth has occurred as a result of natural increase in birth rate and internal 
migration from other provinces. According to the estimated data, the population was 
7,057,736 in 2011. Baghdad is, therefore, the largest city in Iraq and the second largest 
city in the region. Figure 3.5 reveals the spatial distribution of population within the 
city of Baghdad classified by the administrative boundaries. It can be seen that the 
majority of people, around 78%, live within the boundary of Baghdad Mayoralty, 
compared with the remaining 22% inhabitants, who live in the suburbs.  
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Figure 3.5 Spatial distribution of population in the districts of Baghdad (within the 
study area) during 2011. 
During the study period, the urban growth of Baghdad fluctuated due to various factors 
(e.g., wars, political infighting, bursts of economic development, migration and 
population increase) that both encouraged and hindered growth. On one hand, 
Baghdad experienced a period of prosperity and economic growth since Iraq is one of 
the world’s main exporters of oil. New modern districts and infrastructure, including 
sewerage, water systems, and highways, were built during that time. This rapid growth 
has seen an expansion of urban construction onto agricultural land and previously 
green areas have been transformed into built-up areas to accommodate residential, 
commercial and industrial expansions. On the other hand, during the wars of 1991 and 
2003 Baghdad’s infrastructure was severely damaged by the US-led coalition forces. 
Significant disturbance in the urban growth of Baghdad occurred during the first Gulf 
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War of 1991 and the subsequent economic sanctions, and the second Gulf War of 2003 
and the subsequent political in-fighting. Despite the damage to Baghdad during the 
war of 2003, the city has subsequently experienced a significant increase in built-up 
areas as a result of further economic development, population growth, and attempts to 
redress the shortage in housing and infrastructure (Gunter, 2013).  
3.1.2. The study area of Perth 
3.1.2.1. Geographical location 
Perth is situated in the south-western corner of Western Australia. It is surrounded to 
the west by the Indian Ocean and to the east by dense forest.   
Perth is the capital and largest city in the state of Western Australia. The study area of 
the central Perth metropolitan region is located on the coastal plain of the Swan River, 
covering an area of 488.7 km2. It has an average elevation of 21.4 m above mean sea 
level (Geoscience Australia, 2016). The geographic coordinates are 31.84° S to 32.11° 
S latitudes, 115.73° E to 115.99° E longitudes as shown in Figure 3.6. 
 
Figure 3.6 Satellite image showing the area and location of Perth study area (Landsat 
8, bands 7, 5, 3). 
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3.1.2.2. The climate 
In contrast to Baghdad, Perth climate is classified, according to the Köppen’s climate 
classification system, as a Mediterranean climate (Csa). Table 3.2 shows the 
characteristics of Csa climates (Peel et al., 2007). 
Table 3.2 Köppen’s definition of Mediterranean Climate (Csa) (Peel et al., 2007). 
Code Type Description 
C 
Hot moderate 
climate 
The 3 coldest months average a temperature between -
3°C and 18°C; Hottest month average temperature > 
10°C; The summer and winter seasons are well defined 
s - Dry season in summer 
a Hot summer Average temperature of the hottest month > 22°C 
The average values of temperature, rainfall, humidity, and wind speed for the period 
between 2011 and 2015 are presented in Figure 3.7 and are based on data obtained 
from the Australian Bureau of Meteorology (BOM, 2015).  
Mean monthly minimum and maximum temperatures for Perth were recorded to be 
16.2 °C, 18.5 °C, 18.9 °C, and 30.7 °C, 33.2 °C, 33.5 °C in the summer season of 
December, January and February, respectively, as shown in Figure 3.7(a). These 
months are usually dry and hot. The autumn months are March, April, and May which 
have warm sunny days and cooler nights. The winter months, which stretch from June 
to August, are rainy and mildly wet, with mean monthly minimum temperatures of 9.1 
°C, 7.7 °C, 9.3 °C, and mean monthly maximum temperatures of 19.9 °C, 18.7 °C, and 
20.3 °C, respectively. The spring months are September, October, and November 
which are sunny and warm. The average of annual mean maximum temperature was 
25.8 °C, while the average of annual mean minimum temperature was 13 °C over the 
period 2011-2015. 
 Chapter 3        Study areas and datasets 
48 
 
 
Figure 3.7 Mean monthly values of: (a) temperature; (b) rainfall; (c) humidity; (d) 
wind speed for Perth, 2011-2015. 
The average annual rainfall in Perth was 683.15 mm during the period of 2011-2015 
(Figure 3.7b). Perth receives relatively high rainfall in winter, followed by spring, 
autumn and summer. The average rainfall of Perth region has decreased by around 20 
percent from long-term monitoring between 1910 and 2009 (Blakely & Carbonell, 
2012), and based on projections for future rainfall, Suppiah et al. (2007) predict that 
the annual rainfall could decrease to 20 percent of the long-term average by 2030. 
However, the amount of rainfall in Perth is substantially greater than that of Baghdad.  
In Perth, as shown in Figure 3.7(c), January and February may be characterised as the 
lowest humid months in the year, with mean monthly high and low relative humidity 
are about 75.5% and 74.6%, and 21.4% and 21.8%, respectively. The highest relative 
humidity was recorded in winter during July and August with high and low relative 
humidity about 95.2% and 95.6%, and 38.3%, 37.2%, respectively. The high and low 
humidity values show similar trends to each other throughout all months of the year. 
In general, relative humidity is higher in Perth than in Baghdad. 
The average mean monthly wind speed for Perth is shown in Figure 3.7(d). It can be 
seen that the highest wind speeds of 20.2 km/h and 20.6 km/h were recorded in January 
and February, respectively, whereas, July had the lowest wind speed of 13 km/h. From 
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Figure 3.7(d), the average annual mean wind speed for the period 2011-2015 was 
approximately 16 km/h. This result is consistent with data obtained from Australian 
Bureau of Statistics (ABS) that considered Perth as the windiest region in Australia, 
with an average wind speed of 15.6 km/h (ABS, 2012). In contrast with Baghdad, Perth 
has generally higher wind speeds over the evaluated years.  
The annual sunshine of Perth is between 2800 and 3000 hours, and is therefore, 
characterised as a sunny city with the Mediterranean climate (ABS, 2015). A 
significant similarity was found in terms of the amount of bright sunshine received by 
the two cities. 
3.1.2.3. Demographic characteristics  
Based on the Australian Bureau of Statistics (2012), the population of Perth gradually 
increased between 1947 and 2011 as shown in Figure 3.8.  Perth is the largest city in 
Western Australia and the fourth most populous city in Australia, with an estimated 
population of 1,728,867 in 2011 (ABS, 2012). 
 
Figure 3.8 Population growth of Perth. 
Figure 3.9 reveals that around 42% of people live within the central part of the study 
area of Perth, while a greater number of people (the remaining 58%) live in its suburbs.  
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Figure 3.9 Spatial distribution of population in the districts of Perth in 2011. 
The economy of Western Australia experienced remarkable growth, in line with 
population increase and urban expansion, during the last few decades, which was 
mainly related to the discovery and exploitation of new mineral resources in Western 
Australia (Pham et al., 2013). This development led to increasing inter-state and 
overseas migration to Western Australia, for work, as well as for investment, study 
and tourism. The city has experienced an increase in diversity in ethnicity and culture 
which has led to its boom over the past few decades (Kennewell & Shaw, 2008).  
 Chapter 3        Study areas and datasets 
51 
 
Based on the 2011census, population within the Baghdad area was 5 501 112 
(Figure 3.5), and within Perth, 732 822 (Figure 3.9). The population density for 
Baghdad and Perth was found to be 6320.2 people/km2 and 1499.5 people/km2. In 
Baghdad, the highest population density was observed in the city core, while it is 
opposite in Perth, where the highest population density was located in the outer 
suburbs. 
3. 2. Datasets 
Datasets used in this study included remote sensing data and field observation data 
obtained by hand-held instruments. More details about these datasets are provided in 
the following sections. 
3.2.1. Remotely sensed data 
The term “remote sensing” is generally defined as the science of and technology for 
obtaining information about an object or area on the earth surface without touching 
them, by studying and analysing data from aircraft or satellite (Swain & Davis, 1978). 
Also, it is the term used for methods of detecting and measuring characteristics of 
targets by electromagnetic energy such as light, heat and radio waves that are remotely 
sensed (Sabins, 2007). Considerable applications to different fields such as studying 
and monitoring land cover, the atmosphere, the global environment, the weather etc., 
have been implemented using remotely sensed data. For Landsat satellites, there have 
been a series of platforms with a variety of sensors-the first one was an Earth resources 
satellite (Landsat-1) that launched in 1972, and other platforms in the Landsat series, 
with a variety of improved sensors (Figure 3.10), have been launched to study the 
Earth in multiple ways (Schowengerdt, 2006).  
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Figure 3.10 Landsat timeline (USGS, 2016b). 
 
3.2.1.1. Landsat images pre-processing 
Imagery selection for this study was based on suitability of data. All images were 
acquired under normal atmospheric conditions with less than 10% cloud cover. Three 
generations of Landsat data, including MSS, TM, and L8 were downloaded from the 
U.S. Geological Survey as Level-1 products (radiometrically calibrated and systematic 
geometric corrections) except for Landsat 8 2016, which is a Level-2 product (Level-
1 and atmospheric corrections) (USGS, 2018a). These were acquired in the summers 
of 1970s, 1980s, 1990s, 2000s and 2015 for both study sites, as well as to summer 
2016 for the study area of Perth (Table 3.3), providing a close anniversary date for 
each image. Images were acquired at approximately 10:00 am local time for both 
Baghdad and Perth cities.  
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Table 3.3 List of the Landsat images used in this study. 
City Datasets Acquisition date 
Local time 
AM 
Path/Row 
Baghdad 
Landsat 2, MSS 23-07-1976 09:48:51 181/037 
Landsat 5, TM 27-08-1984 10:03:39 168/037 
Landsat 4, TM 09-08-1992 09:42:20 168/037 
Landsat 5, TM 23-08-2000 10:11:21 168/037 
Landsat 8, OLI-TIRS 01-08-2015 10:33:14 168/037 
Landsat 8, OLI-TIRS 05-01-2015 10:33:40 168/037 
Landsat 8, OLI-TIRS 02-04-2015 10:04:02 169/037 
Landsat 8, OLI-TIRS 23-07-2015 10:39:23 169/037 
Perth 
Landsat 1, MSS 19-01-1974 09:33:00 120/082 
Landsat 5, TM 11-02-1988 09:35:09 112/082 
Landsat 5, TM 28-02-1997 09:31:02 112/082 
Landsat 5, TM 11-02-2008 09:56:07 112/082 
Landsat 8, OLI-TIRS 21-02-2015 10:11:27 113/082 
Landsat 8, OLI-TIRS 20-01-2015 10:11:37 113/082 
Landsat 8, OLI-TIRS 19-04-2015 10:04:50 112/082 
Landsat 8, OLI-TIRS 15-07-2015 10:11:11 113/082 
Landsat 8, OLI-TIRS 12-10-2015 10:05:28 112/082 
Landsat 8, OLI-TIRS 23-01-2016 10:11:43 113/082 
Other sets of remotely sensed data, including high spatial resolution satellite images 
and aerial photographs, were mainly used as reference data to assess the accuracy of 
derived products. These references data included a Corona image from 1972, an 
IKONOS image from 2001, and a Quickbird image of 2009 for Baghdad city. Five 
aerial photographs were obtained from the State Land Information Portal (SLIP 
Enabler, 2015) for Perth city, covering the years of 1974, 1985, 1995, 2008 and 2015. 
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Image pre-processing methods below were performed using ArcGIS 10.2 and ENVI 
5.1 (ESRI, 2013; EXELIS, 2013). 
• Atmospheric correction was performed using the dark object subtraction 
(DOS) method to remove atmospheric effects (path radiance) using a two-step 
process (Chavez, 1988). Firstly, the digital numbers (DN) were converted to 
the top of atmosphere (TOA) reflectance. Values of the darkest pixels were 
then subtracted from each Landsat image to make all images comparable to 
each other. DOS is perhaps the simplest of available methods, mostly used for 
image atmospheric correction for many applications (Song et al., 2001). It was 
also suitable for the historical images because this method does not require 
climate data. 
• Image registration of the enhanced images was the next step in data pre-
processing in order to map and quantify the genuine changes and enable direct 
comparison of values among the evaluated images.   
• All images were clipped based on boundaries of the two study sites for all 
subsequent processing. 
3.2.2. Field measurement instruments 
Surface albedo and surface temperature measurements were taken during field work 
using the pyranometer and the FLIR E5 infrared camera. 
3.2.2.1. Pyranometer instrument (Albedometer) 
The LP PYRA 06 pyranometer operates in the spectral range of 0.305 to 2.8 µm 
(Figure 3.11a) and is composed of a second class pyranometer that conforms to ISO 
9060. It is based on a pair of thermopile pyranometers; the upper one measures the 
incident radiation on the ground (↓) and the lower one measures the reflected radiation 
(↑) from the objects on the ground (LP PYRA 06, 2007). A Delta-Ohm DO9847 Data 
logger connected to the LP PYRA 06 albedometer was used to record and read the 
observed data (Figure 3.11b). 
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Figure 3.11 (a) LP PYRA 06, (b) Data logger 9847. 
3.2.2.2. Infrared camera 
The FLIR E5 infrared camera records thermal data in the spectral range of 7.5–14 µm 
(Figure 3.12) and was used for recording thermal information of surfaces in the study 
area. It works within a temperature range of 2 to 250 °C and has a variable material-
specific emissivity setting (0.1 to 1.0). It has an accuracy of ±2% and a thermal 
sensitivity of < 0.07 °C. The resolution of the thermal image is 120 × 90 pixels. This 
camera has an exclusive function that is known as multi-spectral dynamic imaging 
(MSX). This function provides extraordinary thermal detail that simplifies 
interpretation of an image. The captured images can be stored and analysed using FLIR 
Tools software (FLIR E5, 2014). 
 Chapter 3        Study areas and datasets 
56 
 
 
Figure 3.12 The FLIR E5 infrared camera. 
3. 3. Chapter summary 
This chapter provided an overview of Baghdad and Perth, including their 
environmental settings, climatic conditions, and demographic characteristics. The 
geographical location and climate classification of the two study sites are markedly 
different. In addition, there are variances between the two cities in their climatic 
variables such as temperature, rainfall, humidity and wind speed. However, despite 
these differences, both cities have dry summer season, and receive high, and 
approximately similar amounts, of sunshine. Monitoring of temperature for the five 
year period of 2011-2015 revealed that the temperatures have increased for both 
Baghdad and Perth, but significantly higher in Baghdad. A contrast between the 
population growth and distribution of both cities was observed. Fundamental 
information on the datasets used in this study, including remotely sensed data and those 
from hand-held instruments, were also described.
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4. Impact of impervious surfaces expansion on land surface 
temperature 
4. 1. Introduction  
Urban impervious surfaces expansion is generally understood as a spatial dynamics 
phenomenon, resulting from urbanisation and industrialisation that mainly relates to 
growth in population and the economy (Kinga, 2015). It increases the dominance of 
buildings and paving in areas primarily used for public, residential, commercial, 
industrial and transportation areas (Bagan & Yamagata, 2012). From a remote sensing 
perspective, urban growth is defined as a process occurring when the pixels belonging 
to non built-up areas in the previous image are categorised as built-up areas in a later 
evaluated image (Cabral et al., 2005). Recently, ISA has been recognised not only as 
an indicator of the degree of urbanisation but also used as an important parameter in 
issues related to the environment, hydrology, ecology and socioeconomics (Arnold Jr 
& Gibbons, 1996; Slonecker et al., 2001). The quality of the urban thermal 
environment is significantly affected by ISA, particularly in cities experiencing rapid 
urbanisation and industrialisation (Oke, 1987; Chen et al., 2006; Stathopoulou et al., 
2009; Hamdi, 2010; Kumar et al., 2012). 
For many years, a range of remote sensing data with various spatial and temporal 
scales has been used to map and quantify land use and land cover, to characterise 
spatiotemporal dynamics through change detection. These data are an effective tool 
for studying and monitoring land surface due to their ability to provide a large-scale 
synoptic overview, availability of images at regular intervals, and simplicity in 
processing and deriving statistics (Ford, 1979; Lo, 1981; Hathout, 2002; Lo & 
Quattrochi, 2003). Recently, medium spatial resolution images, such as those provided 
by Landsat, have become an important source of images for mapping impervious 
surface areas using unmixing techniques at local, regional and global scales (Wu & 
Murray, 2003; Lu & Weng, 2006; Deng et al., 2012). Unmixing techniques have been 
traditionally used with hyperspectral data to reduce correlation between bands and 
were later expanded to use with Landsat data for distinguishing the spectra of different 
LULC categories from the typically mixed pixels of urban areas precisely (Lu & 
Weng, 2004; Kärdi, 2007). 
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It is therefore important to quantify spatiotemporal changes to impervious surface 
areas to understand and monitor climatic, environmental and socioeconomic issues 
related to urban areas. The “urban heat island” effect, for instance, has been identified 
as a problem resulting from urbanisation. This chapter aims to evaluate growth in the 
built-up areas of the study areas for the last five decades and quantify its effects on 
SUHI. To address this aim, the chapter objectives are: 
1) to quantify the spatiotemporal dynamics of impervious surfaces; 
2) to investigate spatiotemporal variations of LSTs, and temporal and seasonal 
variations of SUHIs. 
4. 2. Datasets 
Two sets of data were used in this chapter. First, a temporal series of Landsat satellite 
data including MSS, TM, and L8 was acquired, representing the summers of the 1970s, 
1980s, 1990s, 2000s and 2015. They were acquired at approximately 10:00 am local 
time (as described in Section 3.2.1). Secondly, high spatial resolution satellite images 
and aerial photographs were used as reference data to assess the accuracy of the 
generated impervious surface maps. These data included a Corona image from 1972, 
an IKONOS image from 2001, and a Quickbird image from 2009 for Baghdad city. 
Five aerial photographs, obtained from State Land Information Portal (SLIP Enabler, 
2015), representing the years 1974, 1985, 1995, 2008 and 2015, were used for Perth 
city. 
4. 3. Methods 
Pre-processed images (as described in Section 3.2.1.1) were used to estimate ISA and 
LST. The workflow for the methods used to quantify ISA growth on SUHI is shown 
on Figure 4.1.  
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Figure 4.1 Flowchart showing methods for estimating ISA and SUHI intensity. 
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4.3.1. Impervious surface area mapping 
The processing steps began with masking water bodies for all images to obtain 
accurate results for principle component analysis (PCA). The outcome of PCA was 
then used to calculate the impervious surface area. The final process was to evaluate 
the accuracy of the ISA maps. A more detailed explanation of these processes are given 
in the following sections. 
4.3.1.1. Water masking 
Water has spectral characteristics similar to those of other land use/land cover (LULC) 
surfaces, such as asphalt, shadows and green areas. Furthermore, water and other low 
albedo objects are often mixed, affecting the endmembers of the analysis, unmixing 
results. Thus, it was necessary to mask water bodies from all images before further 
processing, and especially before undertaking principle component analysis (PCA) 
transformation. Water masking was carried out using the normalised difference water 
index (NDWI) as suggested by McFeeters (1996) and the modified normalised 
difference water index (MNDWI) as developed by Xu (2006). Water indices are 
commonly used with Landsat images to extract water surfaces, for which index values 
range from -1 to 1. The NDWI was calculated for Landsat images MSS using Equation 
4.1:  
NDWI =
(ρ(Green )−ρ(NIR ))
(ρ(Green )+ρ(NIR ))
                                                 (4.1) 
Where: 
ρ (Green) is the spectral reflectance of green band  
ρ (NIR) is the spectral reflectance of near-infrared band 
For Landsat images TM and OLI, MNDWI was calculated using Equation 4.2: 
MNDWI =
(ρ(Green )−ρ(SWIR_1 ))
(ρ(Green )+ρ(SWIR_1 ))
                                          (4.2) 
Where: 
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ρ (Green) is the spectral reflectance of green band 
ρ (SWIR_1) is the spectral reflectance of short wave infrared band 
Water features are normally characterised by threshold values greater than zero 
(McFeeters, 1996). In this study, values were typically > 0.1 and were converted to 
polygons prior to masking. 
4.3.1.2. Extraction of impervious surfaces  
The steps used to map impervious surfaces from Landsat images (Figure 4.1) are 
described below: 
1. According to Green et al. (1988); Boardman and Kruse (1994), transformation 
of the multispectral images into a new dataset can be performed by using two 
different approaches: principal component analysis (PCA) and minimum noise 
fraction (MNF). These approaches can be effectively used to identify image 
end-members and to derive high quality end-members (Lu & Weng, 2006; 
Kuang et al., 2014). In this study, both approaches were tested and principle 
component analysis (PCA) was eventually used, primarily because a better 
result was obtained based on a visual check, but also because, as a data 
transforming technique to convert Landsat multispectral images into a new 
dataset (i.e., to reduce the six reflective bands to three principle components), 
PCA was free from cross-correlation and minimised noise. Three PCA images 
were generated based on eigenvalues that best fit the variations in the dataset;  
2. Four endmembers, including high albedo surfaces, low albedo surfaces, green 
areas and bare land, were chosen from the scatterplots of three PCA 
components; 
3. Linear spectral mixture analysis (LSMA) was used to convert each image into 
four fractional images; 
4. The high and low albedo fraction images were combined, to create an ISA layer 
as described by Wu and Murray (2003);  
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5. The combined image of ISA was classified into 32 classes and a threshold value 
was defined based on a comparison with the original image. A binary dataset 
was then created to separate ISA and non-ISA parts;  
The binary ISA data classification was subsequently converted to polygons to facilitate 
post-classification editing. 
4.3.1.3. Accuracy assessment 
According to Foody (2002), accuracy of classified maps, produced from remote 
sensing data, is essential for assessing the reliability of outcomes.  
In this work, ground reference data, collected from high resolution data (as described 
in Section 4.2), were used to assess accuracy of impervious surface area maps. One 
hundred samples were extracted from high-resolution data (where each sample 
represented 3 × 3 Landsat pixels). These samples were evaluated against the relevant 
impervious surface maps. As described in Section 2.4.3, several variables, including 
overall accuracy, kappa coefficient, producer’s accuracy and user’s accuracy were 
used to evaluate accuracy of impervious surface maps. 
4.3.2. Retrieving land surface temperature (LST) 
In this study, Landsat 4 and 5 (TM) and Landsat 8 datasets were employed to retrieve 
LST. A single thermal band of Landsat 4 and 5 (TM) and two thermal bands of Landsat 
8 (bands 10 and 11) were used. Unfortunately, there were some artifacts (e.g., stray 
light) resulting from thermal energy that affected the data collected in the Landsat 8 
TIRS bands. In particular, band 11 was substantially more contaminated than band 10 
by stray light. Therefore, U.S. Geological Survey (USGS) have suggested that only 
band 10 should be used for LST retrieval (https://landsat.usgs.gov/using-usgs-landsat-
8-product). 
Several algorithms have been proposed to retrieve LST from Landsat data. These 
algorithms may be roughly grouped into three categories: single-channel methods, 
multi-channel methods, and multi-angle methods (Li et al., 2013c). The most popular 
algorithms from the single-channel methods are the Mono-Window (MW) algorithm 
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(Qin et al., 2001) and the generalised Single-Channel (SC) algorithm (Jiménez‐Muñoz 
& Sobrino, 2003). For the multi-channel methods, the most popular is the Split-
Window (SW) algorithm (Becker & Li, 1990), and an algorithm proposed by Sobrino 
et al. (1996) has been preferred for the Multi-Angle (MA) method. Historical data from 
a TM sensor and a single band from TIRS-Landsat 8 (Band 10 only) were used in this 
work, and these were not suitable for the split-window and multi-angle methods, 
because their algorithms require two channels to retrieve LST (Jiménez‐Muñoz & 
Sobrino, 2003). Additionally, multi-angle methods can only be used for homogeneous 
areas (e.g., the sea surface or densely vegetated forest) but not for heterogeneous areas 
(Li et al., 2013c).  
For the single-channel methods, the mono-window algorithm has been proposed to 
retrieve LST using two parameters, atmosphere transmittance and mean atmospheric 
temperature. Whereas, the generalised single-channel algorithm requires a distribution 
of both atmospheric temperature and water vapour content. Sobrino et al. (2004) 
proved that the single-channel algorithm provides better results than the mono-window 
algorithm, generating root mean square deviation values of 0.9 K and 2 K, 
respectively, when radio-sounding data is not used. These algorithms were also tested 
by Vlassova et al. (2014) who found that the root mean square deviation values were 
1 °C and 2.3 °C for the single-channel algorithm and mono-window algorithm, 
respectively. The main disadvantage of these methods is that certain atmospheric 
parameters must be available.  
In order to retrieve LST from historical Landsat datasets, there are often difficulties in 
obtaining in-situ atmospheric profile data during the satellite overpass. In this study, 
radiosonde data and atmospheric water vapour content were unavailable for the images 
used. Therefore, an image-based method (single-channel-based surface emissivity) 
was the only method that could be applied to retrieve LST from geometrically 
corrected Landsat data. Land surface emissivity (LSE), which is considered to be a 
modifying parameter for atmospheric correction methods and surface characterisation, 
has been proven to be related to the Normalised Difference Vegetation Index (NDVI) 
(Valor and Caselles, 1996). Therefore, land surface emissivity (LSE) computed from 
the NDVI, based on (Sobrino & Raissouni, 2000), was adopted as a parameter for 
atmospheric correction when retrieving LST in this study. 
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Ding and Xu (2008) conducted a comparison among the image-based method, the 
mono-window algorithm and the generalised single-channel algorithm, over the city 
of Fuzhou, China. They found that the image-based method provided superior results 
than mono-window algorithm and single-channel algorithm. Furthermore, this method 
has proved to be straightforward and has been widely used in various settings (e.g., 
Weng & Yang, 2004; Xiao & Weng, 2007; Zhang et al., 2013a; Ayanlade & Jegede, 
2015; Estoque & Murayama, 2017; Fathizad et al., 2017; Pal & Ziaul, 2017; Dai et al., 
2018; Madanian et al., 2018; Silva et al., 2018; Xiao et al., 2018).  
Thermal bands of Landsat data were used to retrieve LST. The thermal bands of 
Landsat 4 and 5 have a spatial resolution of 120 × 120 m and Landsat 8 has that of 100 
× 100 m. These thermal bands had already been resampled to 30 × 30 m by USGS. A 
three-step process was used to calculate LST.  
Step 1: Conversion of digital number (DN) values of Landsat thermal bands to top of 
atmosphere (TOA) spectral radiance using the Equation 4.3. 
Lλ = ML × Qcal + AL                                                   (4.3) 
 
Where: 
 
Lλ   = TOA spectral radiance 
ML  = Band specific multiplicative rescaling factor (radiance multi-
band x, where x is the band number) 
AL   = Band specific additive rescaling factor (radiance add band x, 
where x is the band number) 
Qcal = Quantized and calibrated standard product pixel values (DN) 
Step 2: Conversion of spectral radiance to at-satellite brightness temperature (Tb) in 
Celsius (°C) using Planck's law, as in the Equation 4.4.  
Tb= (K2/Ln ((K1/Lλ) + 1)) – 273.15                          (4.4) 
 
 Chapter 4        Impact of impervious surfaces expansion on land surface temperature 
65 
 
Where:   
Tb  = Effective at-satellite temperature in Kelvin (K)  
Lλ  = TOA spectral radiance  
K1   = First calibration constant  
K2   = Second calibration constant  
The thermal constants of band 6 (TM) and bands 10 and 11 (TIRS) are shown in Table 
4.1 and are available in metadata for the images used (USGS, 2015b). 
Table 4.1 K1 and K2 calibration constant values for thermal bands of Landsat data. 
 K1 (W m
-2 sr-1 μm-1) K2 (Kelvin) 
TM band 6 607.76 1260.56 
TIRS band 10 774.89 1321.08 
Step 3: Correction of Land Surface Temperature (LST): this step was used to retrieve 
land surface temperature (LST) from Tb imagery and atmospherically 
corrected emissivity data using the Equation 4.5, developed by (Artis & 
Carnahan, 1982). 
LST = Tb/ (1+ (λ×Tb/ρ) × Ln (ε))                             (4.5) 
Where:   
λ    = Wavelength of emitted radiance (the peak response and the 
average of the limiting wavelengths (λ = 11.5 μm) 
 
ρ    = h c / σ (1.438 × 10-2 mK)  
h     = Planck’s constant (6.26 × 10-34 Js)  
c    = the velocity of light (2.998 × 108 s-1)  
σ    = Stefan–Boltzmann’s constant (1.38 × 10-23 J K-1)  
ε     = Surface emissivity  
Surface emissivity (ε) was computed from NDVI using Equation (4.6) as suggested by 
Stathopoulou et al. (2007). 
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ε = 0.017 Pv + 0.963                                                (4.6) 
Where: Pv = proportion of vegetation that was computed from the NDVI according to 
Equation (4.7) 
Pv = (NDVI - NDVImax)2 / (NDVImax - NDVImin)2                              (4.7)  
 
Where: NDVI = Normalised Difference Vegetation Index. The NDVI was computed 
from the red and NIR bands of Landsat data. 
4.3.3. Normalisation of LST 
The relative radiometric normalisation (RRN) technique was used to normalise multi-
temporal LST data. That is required to remove radiometric differences between multi-
temporal data in order to make those data comparable (Hajj et al., 2008). This 
technique has been widely utilised for a variety of purposes, including thermal data, 
vegetation indices, change detection, etc. (Heo & FitzHugh, 2000; Yang & Lo, 2000; 
Santra et al., 2017). Since LST represents different sources or different years, 
normalisation was needed.  
4.3.4. SUHI intensity 
To help understand the intensity of thermal properties for each study area, the intensity 
of the surface urban heat island (SUHII) was obtained by calculating the difference 
between the mean urban surface temperature and that of the surrounding rural areas. 
The selected urban pixels were represented by the city core, while rural pixels included 
more vegetated areas. SUHII was computed using Equation 4.8 (Tiangco et al., 2008). 
SUHII = LSTU - LSTR                                                                        (4.8) 
 
Where: LSTU= the average values of LST within the urban area 
 LSTR= the average values of LST for the rural area 
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4.3.5. Quantifying change to impervious surfaces 
In this chapter, consecutive Landsat images were used to determine spatiotemporal 
growth of impervious surfaces. The adopted approach for quantifying spatiotemporal 
dynamics of impervious surfaces was based on division the impervious surface maps 
into zones. This approach divided each study area into eight zones (pie sections), based 
on the cardinal and inter-cardinal directions, in order to assess precisely growth of 
impervious surfaces for each city. Urban development and the resultant ISA dynamics 
for both cities were examined for different five periods: the 1970s, 1980s, 1990s, 2000s 
and 2015. 
4. 4. Results and analysis  
Spatiotemporal dynamics of impervious surfaces in both study areas are presented in 
Figures 4.2 and 4.3 for Baghdad and 4.5 and 4.6 for Perth. Figure 4.4 for Baghdad and 
Figure 4.7 for Perth summarise quantitative measures of the amount and direction of 
the expansion of impervious surfaces over the course of the study periods.  
The overall accuracy and kappa coefficient of the impervious surface maps, derived 
using the method in Section 4.3.1.3, ranged from 87% to 91% and between 0.75 and 
0.83, respectively for Baghdad; and from 87% to 93% and between 0.73 and 0.85 for 
Perth (Table 4.2). User’s accuracy and producer’s accuracy of impervious and non-
impervious categories ranged from 80% to 100% and 75% to 100% for Baghdad and 
from 79% to 100%, and 73% to 100% for Perth, further details for each year are 
presented in Appendix A. The accuracy of all impervious surface maps was above 
levels recommended by the USGS website; hence these results can be considered 
suitable for subsequent analysis.  
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Table 4.2 Accuracy assessment and kappa coefficient of the ISA maps for Baghdad 
and Perth cities. 
 
Baghdad  Perth 
Year 
Overall 
accuracy (%) 
Kappa 
coefficient 
Year 
Overall 
accuracy (%) 
Kappa 
coefficient 
1 1976 88 0.75 1974 87 0.73 
2 1984 91 0.83 1988 93 0.85 
3 1992 87 0.75 1997 89 0.78 
4 2000 90 0.80 2008 87 0.73 
5 2015 89 0.77 2015 90 0.80 
Impervious surface growth are presented in Table 4.3 and Table 4.4 for both study 
areas. The study area of Baghdad covers an area approximately 870.4 km2. Impervious 
surfaces were estimated to be approximately 139.25 km2, 229.82 km2, 246.89 km2, 
257.04 km2 and 301.16 km2 in 1976, 1984, 1992, 2000 and 2015, respectively. During 
the periods of 1976–1984 and 2000–2015 Baghdad experienced a higher growth of 
impervious surfaces than the other periods (1984–1992 and 1992–2000).  
In contrast to Baghdad, the study area of Perth covers an area of approximately 488.7 
km2. Estimated impervious surfaces areas were approximately 133.53 km2, 161.36 
km2, 182.67 km2, 191.62 km2 and 202.20 km2 in 1974, 1988, 1997, 2008 and 2015, 
respectively. It is apparent that impervious surfaces areas increased during the periods 
of 1974–1988 and 1988–1997 substantially more than the other periods (1997–2008 
and 2008–2015).  
Table 4.3 Area in km2 and percentage of temporal expansion of ISA in Baghdad and 
Perth. 
Baghdad  Perth  
Year ISA (km²) ISA (%) Year ISA (km²) ISA (%) 
1976 139.25 15.99 1974 133.53 27.32 
1984 229.82 26.40 1988 161.36 33.01 
1992 246.89 28.36 1997 182.67 37.37 
2000 257.04 29.53 2008 191.62 39.20 
2015 301.16 34.59 2015 202.20 41.37 
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There was significant expansion in impervious surfaces in both cities. In Baghdad, 
impervious surfaces increased from 139.25 km2 (15.9% of the total area) in 1976 to 
301.16 km2 (34.59% to the total area) in 2015, with a total expansion of approximately 
161.9 km2 (18.6%). Perth’s impervious surfaces also increased by 133.53 km2 (27.3% 
of the total area) and 202.2 km2 (41.37% of the total area) in 1974 and 2015, 
respectively. Expansion in the period from 1974 and 2015 was therefore approximately 
68.67 km2 (14.1%). At present (as of 2015) impervious surfaces covered 
approximately 34.6% of Baghdad and 41.37% of Perth metropolitan area.  
Table 4.4 Rates of ISA expansion for Baghdad and Perth during the study periods. 
Baghdad  Perth  
Year ISA (km²) ISA (%) Year ISA (km²) ISA (%) 
1976-1984 90.57 10.41 1974-1988 27.83 5.69 
1984-1992 17.07 1.96 1988-1997 21.31 4.36 
1992-2000 10.15 1.17 1997-2008 8.95 1.83 
2000-2015 44.12 5.06 2008-2015 10.58 2.17 
1976-2015 161.91 18.6 1974-2015 68.67 14.05 
4.4.1. Spatiotemporal dynamics of ISA 
Combining the maps of the impervious surfaces with the zones division was performed 
to determine the amount and direction of the expansion of ISA in each zone.  
A more detailed analysis of the growth in impervious surfaces during each period and 
zone is described in the following sections for each city. 
4.4.1.1. Baghdad city  
The impervious surface maps of Baghdad city are shown in Figures 4.2 and 4.3, 
depicting the spatial distribution of ISA for each year and their directional changes. 
The figures indicate that impervious surfaces expanded at different rates and in 
different directions throughout the study period, moving from the city centre towards 
surrounding rural areas that were mainly comprised of high-density orchards, 
agricultural fields and pastures.  
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Figure 4.2 Impervious surface maps of Baghdad city, 1976 to 2015. 
Figure 4.3 shows the directions of impervious surfaces. The greatest expansion can be 
observed in zones 1 (N–NE), 2 (E–NE) and 5 (S–SW).  
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Figure 4.3 Spatiotemporal expansion of impervious surfaces in Baghdad, 1976 to 
2015. 
The amount and direction of impervious surface areas in Baghdad is also displayed in 
Figure 4.4. The spatiotemporal dynamics of ISA in each zone and direction appear to 
have different extents, over the various periods from 1976 to 2015. The proportion of 
ISA becomes greater over time, especially in the city core.  
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Figure 4.4 Growth in imperviousness in each zone (km2) in Baghdad city, 1976 to 
2015. 
The spatiotemporal dynamics of impervious surface expansion in Baghdad can be 
summarised as follows:  
 In the first period (1976–1984), Baghdad experienced a much greater increase 
in ISA, of approximately 90.57 km2, compared with other periods. 
Considerable expansion occurred in all directions, but was most noticeable in 
zone 1 (N–NE), and to a lesser extent zones 5 (S–SW) and 6 (W–SW). 
Expansion was less in zones 7 (W–NW) and 8 (N–NW).  
 In the second period (1984–1992), the expansion of ISA was 17.07 km2, with 
the majority seen in zones 2 (E–NE; 3.8 km2), 4 (S–SE; 3.74 km2) and 6 (W–
SW; 2.98 km2).  
 In the third period (1992–2000), ISA increased by approximately 10.15 km2. 
This period had the lowest increase in ISA throughout the study period. Most 
of the ISA growth was observed in zone 1 (N–NE; 2.95 km2), while zone 8 (N–
NW; 0.13 km2) had the lowest growth.  
 The fourth period (2000–2015) covers the longest time span in the study period. 
Impervious surfaces grew from 257.04 km2 in 2000 to 301.16 km2 in 2015; this 
was apparent in all directions but by differing amounts. Significant growth 
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1992 36.67 46.04 47.62 19.58 30.16 31.60 17.79 17.46
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occurred in zones 2 (E–NE; 12.33 km2), 1 (E–NE; 7.62 km2) and 7 (E–NE; 7.3 
km2). Zones 8 (N–NW; 2.89 km2) and 4 (S–SE; 2.58 km2) had lower amount 
of growth. 
4.4.1.2. Perth city  
The spatiotemporal dynamics of impervious surface areas were evaluated in five 
different years: 1974, 1988, 1997, 2008 and 2015. Results of the changes in spatial 
extent of ISA for each year are shown on Figure 4.5. It may also be observed that ISA 
gradually expanded in different directions, as shown in Figure 4.6. A detailed 
statistical analysis of the growth of ISA is shown in Figure 4.7. Impervious surfaces in 
Perth city expanded from 133.5 km2 in 1974 to 202.2 km2 in 2015 but with a variety 
of expansion rates and directions over time.  
 
Figure 4.5 Impervious surface maps of Perth, 1974 to 2015. 
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Figure 4.6 Spatiotemporal expansion of impervious surfaces in Perth, 1974 to 2015. 
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Figure 4.7 Impervious surfaces growth in each zone (km2) in Perth, 1974 to 2015. 
The results obtained from the analysis of the spatiotemporal dynamics of ISA growth 
in Perth are summarised below:  
 In the first period (1974–1988), a substantial expansion of impervious surfaces 
(an increase of 27.83 km2) was observed. The direction of the impervious 
surfaces growth was mostly distributed across zones of 4 (S–SE; 8.87 km2), 3 
(E–SE; 7.65 km2) and 8 (N–NW; 4.99 km2).  
 In the second period (1988–1997), approximately 21.3 km2 of land was 
converted to impervious surfaces, and the expansion was mainly located across 
zones of 4 (S–SE; 5.23 km2) and 5 (S–SW; 6.26 km2). 
 In the third period (1997–2008), Perth experienced the lowest expansion of 
impervious surfaces, that of approximately 8.95 km2. The majority of this 
growth occurred in zones 4 (S–SE; 3.06 km2) and 8 (N–NW, 2.4 km2). 
 In the fourth period (2008–2015), impervious surfaces expanded to cover 202.2 
km2 (41.3%) by 2015, amounting to approximately 10.58 km2. Impervious 
surfaces expansion was mainly located in zones 8 (N–NW, 2.52 km2), 5 (S–
SW, 2.2 km2), 2 (N–NE, 2.09 km2), and 4 (S–SE, 1.97 km2). 
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2008 29.31 19.62 24.98 26.80 25.61 16.12 12.60 36.14
2015 29.87 21.71 26.06 28.77 27.81 16.17 12.68 38.66
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4.4.2. Spatiotemporal variations of the LST pattern  
The LST maps retrieved from Landsat data for the years of 1984, 1992, 2000 and 2015 
for Baghdad city and the years of 1988, 1997, 2008 and 2015 for Perth city were 
employed to examine the spatiotemporal distributions of LSTs for both study areas.  
In Baghdad, surface temperature increases were noticeable for built-up areas and bare 
lands, which had expanded significantly over areas that were previously categorised 
as vegetation. The variations of LSTs for bare lands and built-up areas were ranged 
from 44.1 °C to 51.9 °C and 42.3 °C to 49.8 °C, respectively over time, as well as to 
over space (Figure 4.8). Areas of water, and orchards with other vegetation cover 
corresponded to LSTs that were considerably lower than bare lands and built-up areas, 
ranging from 30.6 °C to 35.4 °C and 33.6 °C to 45.5 °C, respectively. The Tigris River 
passes through the middle of the city and a high density of orchards have been planted 
on both banks, particularly to the north and south. These low surface temperature areas 
decreased in extent as a result of ISA expansion. 
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Figure 4.8 Thermal maps of Baghdad city for 1984, 1992, 2000 and 2015. 
In comparison, Perth had smaller variations in LSTs between 1988 and 2015, with bare 
lands and built-up areas ranging from 34.5 °C to 38.7 °C and 31.6 °C to 36.2 °C, 
respectively over time (Figure 4.9). Changes in urban expansion over time seem to 
have had a negligible effect on LST. LST variation for the larger water bodies in Perth, 
including the Swan River, ranged from 25.1 °C to 26.8 °C, and from 29.9 °C to 32.1 
°C for areas with vegetation cover. 
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Figure 4.9 Thermal maps of Perth city for 1988, 1997, 2008 and 2015. 
4.4.3. Temporal trend of SUHI intensity with impervious surface growth 
The SUHI intensity was computed from LST data for all years, based on the difference 
between the average surface temperatures in urban areas and that in surrounding rural 
areas. The results show that the SUHI intensity of Baghdad was 7.26 °C, 8.28 °C, 7.9 
°C, and 8.64 °C in 1984, 1992, 2000 and 2015, respectively. The maximum SUHI 
intensity was observed in 2015 (Figure 4.10 a).  
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Figure 4.10 Relation between SUHII and impervious surface growth in Baghdad, 
1984 to 2015. 
For Perth, the results show that SUHI intensity was 2.86 °C, 2.93 °C, 3.01 °C, and 3.68 
°C in 1988, 1997, 2008 and 2015, respectively. The increase of SUHI intensity was 
found to be about 0.82 °C between 1988 and 2015 (Figure 4.11(a)).  
 
Figure 4.11 Relation between SUHII and impervious surface growth in Perth, 1988 
to 2015. 
The relationship between the UHI effect and city size was explored in earlier studies. 
This relationship was first examined by Oke (1973), who pointed out that UHI 
intensity is positively affected by the city size. A recent study also confirmed this (Li 
et al., 2017).  
In this study, a comparison of SUHI intensity with impervious surface growth was 
examined as data related to other factors was not available at this time of this work. 
The analysis indicated that both cities experienced an increase in SUHI intensity with 
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an increase in impervious surfaces. For Baghdad, the SUHI intensity was 7.26 °C in 
1984, and then increased to 8.64 °C in 2015, coincident with an increase in built-up 
area of 71.34 km2 between 1984 and 2015 (Figure 4.10(a)). It may be seen that the 
trend line shows an increase in SUHI intensity for Baghdad city between 1984 and 
2015 (Figure 4.10 a). Impervious surface area in Baghdad is positively correlated to 
SUHI intensity to a statistically significant degree (r = 0.84) (p-value < 0.002) for the 
SUHI intensity (Figure 4.10 b). In Perth, the SUHI intensity was 2.86 °C in 1988, and 
increased to 3.68 °C in 2015, coinciding with an increase in built-up area of 40.84 km2 
between 1988 and 2015 (Figure 4.11(a)). There is also a statistically significant (p-
value < 0.002) positive relationship (r = 0.78) between SUHI intensity and ISA growth 
in Perth over this period (Figure 4.11(b)).  
Although weather patterns (such as wind and cloud cover) and geographic location 
(climate and topography) can strongly influence the magnitude of urban heat intensity 
(EPA, 2014), expansion of impervious surfaces (i.e., various development forms and 
levels of urban pattern) has important role in SUHI intensity. For example, Zhang et 
al. (2012a) state that UHI magnitude was affected by the size and shape of the urban 
area, the spatial distribution of ISA within the urban area, and land cover composition 
of the surrounding rural area. Other studies (Tan & Li, 2015; Estoque & Murayama, 
2017) showed that the intensity of UHI increased with concomitant growth in urban 
areas. Therefore, the influence of impervious surfaces expansion on SUHI intensity 
would appear to be a significant factor, despite larger-scale climatic and 
meteorological effects. 
4.4.4. Seasonal variations of SUHI 
Statistical details of daytime SUHII for each of the seasons (including winter, spring, 
summer and autumn), for both study areas in 2015 were assessed using LSTs. The 
results showed that the intensity of SUHI varies with the seasons in the two study 
areas. 
In Baghdad, the mean value of LST pixels in the urban area was the highest in summer 
(50.05 °C), followed by spring (30.82 °C), autumn (30.45 °C), and winter (16.56 °C). 
Similarly, the highest mean LST values in the rural areas was found in summer (41.41 
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°C), followed by spring (25.35 °C), autumn (25.32 °C), and winter (14.52 °C). Based 
on the difference in LST for temperatures in urban and rural areas, SUHII was 
computed for all seasons. The results (Figure 4.12) showed that the highest SUHII was 
found in the summer season (8.64 °C), while the lowest SUHII occurred in the winter 
season (2.03 °C). The spring season was determined to have (5.47 °C) a slightly higher 
SUHII than the autumn season (5.14°C).  
 
Figure 4.12 Seasonal variations of the daytime SUHII of Baghdad in 2015 
In a similar trend to Baghdad, the LST of Perth varied with the seasons but with lower 
mean LST values for all seasons. The mean LST value in the urban area was the highest 
in summer (37.87 °C), followed by spring (34.99 °C), autumn (26.1 °C), and winter 
(15.13 °C). Similarly, the mean LST value in rural areas was highest in summer (34.19 
°C), followed by spring (32.81 °C), autumn (24.33 °C), and winter (13.67 °C). The 
results (Figure 4.13) indicate that SUHII was highest in the summer season (3.68 °C), 
followed by the spring season (2.18 °C), the autumn season (1.77 °C), and lowest in 
the winter season (1.46 °C).  
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Figure 4.13 Seasonal variations of the daytime SUHII of Perth in 2015. 
The observed seasonal variation in SUHII may normally be related to seasonal climatic 
weather conditions, which in turn depend on the geographical location for each city. 
According to Kim and Baik (2002), seasonal variation of UHI magnitudes are 
associated mainly with the differences in the weather conditions. Despite this, it may 
be noted that SUHII in Baghdad was significantly higher than Perth during all seasons, 
even though both cities recorded similar climate-related trends of the SUHII over the 
four seasons. 
4. 5. Discussion  
Both Baghdad and Perth cities showed significant growth in impervious surfaces, due 
to urban expansion, during the study periods. Land cover change has contributed to an 
increase in LST, as a result-increases in ISA appear to coincide with the change in 
temperature patterns of the two urban areas. Impervious surface area increased as 
urban space was converted from a mixed pattern of impervious and other land cover 
types, mainly from green areas to built-up categories. As a result, the spatial form and 
patterns of the two cities were changed. The analysis shows that urban impervious 
surface expansion was not concentrated in all directions and was variable during the 
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study periods. The pattern of impervious surface expansion was driven for each city 
by various reasons, which can be summarised as follows. 
In Baghdad, fluctuations in the rate of urban growth may be attributed to factors such 
as political infighting, bursts of economic development, and population increase. 
Although population in Baghdad changed in response to political and economic 
conditions, the average annual rate of population growth during the study period was 
approximately 2.7 per cent, which increased pressure on existing land use. However, 
factors, both encouraging and hindering the urban growth of Baghdad, varied in each 
time period. For example, during the first period (1976–1984) rapid urban expansion 
occurred in parallel with economic growth of the petroleum sector (United Nations, 
2001). A reduction in urban growth during the second period (1984–1992) possibly 
related to the Iraqi-Iranian war that took place mainly during this period, during which 
the bulk of the Iraqi budget was apportioned to the armed forces, and thus 
infrastructural development was mainly neglected (United Nations, 2001; Nordhaus, 
2002). Economic deterioration due to the Gulf war and subsequent economic sanctions 
resulted in the lowest rate of urban growth during the third period (1992–2000) 
(Nordhaus, 2002). Consequently existing built-up areas came under intense pressure 
as people migrated from surrounding rural areas and other provinces to the capital in 
search of work. Finally, despite political infighting during the period of 2000–2015, a 
remarkable degree of urban growth occurred, which was linked to economic 
development, population growth, and attempts to redress the shortage in housing and 
infrastructure (Gunter, 2013). In 2015, the Ministry of Construction and Housing for 
Baghdad stated that there was a serious crisis in housing. They identified that around 
380,000 houses were required to accommodate the growing population. Many large 
slums were built over vacant lands in addition to buildings constructed over areas that 
were previously residential garden lots, and therefore the growth of built-up areas 
intensified. All these circumstances and factors were influential in reshaping the urban 
fabric of Baghdad. 
On the other hand, Perth generally experienced more stable urban growth, especially 
after World War II. The increase of urban areas in Perth city reflected the outcome of 
robust urban management plans developed by the city authorities, and enforced 
regulations in the housing sector. However, variation in urban growth still occurred, 
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mainly resulting from economic development. Other factors also had a considerable 
effect on Perth’s urban development, including population growth from both internal 
and overseas migration, growth in the mining sector, investment in real estate, and the 
development of tourism. Mining played an important role in boosting the economic 
growth of Western Australia (Pham et al., 2013), and was one of the prime factors 
influencing urban development. As urban dynamics are strongly linked to population 
dynamics (Moghadam & Helbich, 2013), Perth’s urban growth was also the result of 
the natural population increase due to births exceeding deaths and overseas migration 
that occurred in roughly equal proportions (Connoley, 2013), although the population 
growth rate varied in each period. The city’s population has increased substantially in 
the last few years, but only 42% live in the central sub-region (Table 4.5). 
Table 4.5 The distributions of Perth’s populations in 2012 (UDIA calculations, ABS 
3218.0). 
Sub-regions Estimated populations Share of Perth population 
Central 672,857 42.4% 
North-West 240,733 17.6% 
North-East 169.447 11.4% 
South-East 147.786 10.8% 
South-West 165.351 13.0% 
Peel 59.895 4.8% 
Economic migrants and students can be considered as the main drivers of Perth’s 
economic growth (Colebatch, 2016). The first period (1974–1988) experienced a 
remarkable increase in impervious surfaces followed by rapid economic growth in the 
mining sector. According to Yiftachel and Hedgcock (1993), central Perth experienced 
massive urban development during the early 1970s, for example, 250,000 m2 of office 
floor space was added between 1977 and 1984 and central city parking spaces 
increased by 16,800 bays between 1971 and 1986. The city experienced a massive 
office development boom again in the middle of 1980s (Yiftachel & Hedgcock, 1993). 
Between 1988 and 1997, the growth of impervious surfaces continued, but the rate was 
not so high.  Between 1997 and 2008 impervious surfaces had lowest growth rate 
among the study periods. It is possible that this decline in urban expansion may be 
explained by renewal projects that focused on derelict or redundant land on 
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waterfronts, on old industrial buildings, old bond stores and former railyards, 
particularly in the East Perth project (O'Connor et al., 2001). It also might be explained 
as a response to the uncertainty associated with the decreased average annual 
population rate, the lowest during this period being 1.8% between 1991 and 1996 and 
1.6% between 1996 and 2006 (Connoley, 2013). During 2008–2015, the city again 
experienced growth in impervious surfaces, probably related to an increase in mining 
activities and results of other economic development. Population also gradually 
increased to an annual average of 3.1% in 2006–2011 and 3.4% in 2011–2012 
(Connoley, 2013). 
Regarding to the relationship between SUHII and the growth of built-up areas, Figures 
4.10 and 4.11 show that SUHII is positively correlated to impervious surface growth. 
The high growth of ISA in Baghdad, in comparison to Perth (Tables 4.3 and 4.4), may 
have led to higher magnitudes of SUHI, particularly in summer daytimes. This is 
consistent with previous studies in which urban expansion has been shown to boost 
SUHI effects (Yuan & Bauer, 2007; Yu & Lu, 2014). This is also consistent with the 
higher urban LST in Baghdad, as compared with its rural LST.   
Although different magnitudes of the intensity of the SUHI were found between the 
two cities for each season, a trend of the seasonal variations for both cities was similar 
(i.e., high in summer and low in winter). This may be related to the fact that the 
differences in the seasonal weather conditions and fluctuations in both cities.  
SUHI in Baghdad was found to be higher than that of Perth. In general, city form, 
building patterns, and the composition and configuration of LULC features may have 
contributed to this contrast between the two cities. Urban planning and management 
may therefore have played an important role in developing SUHI, since political and 
socio-economic conditions have been influential factors on the form and pattern of 
urban development (Davis, 2016). This finding is in agreement with another study that 
found that unplanned and uncontrolled rapid growth causes serious negative effects on 
urban environments (Chadchan & Shankar, 2012).  
Increasing LST values in urban areas are possibly linked with urban expansion and the 
decrease in vegetation cover over time, and hence a developing in SUHI. This is 
apparent in the city of Baghdad, which experienced significant changes in its LULC 
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categories over time, as more buildings, using heat-retaining building materials, were 
added. Meanwhile, since 2003, the city of Baghdad has experienced widespread 
growth of unplanned housing (urban slums) (Figure 4.14). Slums and informal 
settlements in the city of Baghdad have been recently created as a result of the war and 
subsequent insurgency in Iraq since 2003, with consequences including security 
problems, sectarian displacement and tribal conflicts. Migration from rural areas to the 
capital city of Baghdad, due to lack of work and extreme housing crises, was also a 
contributing factor toward the growth of slums. Another important factor resulting 
from the absence of monitoring and follow-up by relevant governmental entities has 
been the dredging of agricultural land and its resale. According to a report by the 
Ministry of Planning and the United Nations Human Settlements Programme (UN-
Habitat) (Miran, 2017), more than 1000 settlements were created in Baghdad after 
2003 and this number is increasing as a result of the aforementioned causes. Recent 
studies (e.g., Scott et al., 2017) pointed out that temperature in informal settlements 
increased by several degrees Celsius as a result of their density and lack of vegetation 
cover. Therefore, slums and informal settlements, which represent large areas of 
impervious surfaces with heat-retaining building materials, may have negatively 
contributed to developing the SUHI in Baghdad. 
  
Figure 4.14 Urban slums in Baghdad (Source: Google images). 
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In addition to slums and informal settlements, man-made activities such as private and 
shared electricity generators, which have been widely used in Baghdad (Figure 4.15) 
may also be accountable for increasing LST.  
 
Figure 4.15 Typical electricity generators used in Baghdad (Source: Google images). 
Use of these generators may introduce thermal pollution, which may be a contributing 
factor to an increase in LST. More than 10,000 electricity generators of different sizes 
are being used in Baghdad province, based on data released from Baghdad Provincial 
Council (2015). Furthermore, high density residential areas have more generators than 
low density ones. Hot summer days result in significant daytime generator use and 
increased thermal emissions across the city, which contributes to both environmental 
and health issues (Al-Waeely et al., 2014).  
In Perth, regulations on city planning and management, relating to urban greening and 
the kinds of building materials used, may have positively contributed to more 
environmentally-sustainable urban development. In addition, the nature, distribution, 
and intensity of green cover may have had a significant effect on the magnitude of 
SUHI. 
In summary, the fact that the average intensity of SUHI (SUHII) in Baghdad is higher 
than Perth may partly be related to differences in urban form, landscape pattern, types 
of building and paving materials, and regulations in city planning. This may be also 
attributed to large green spaces and higher density of vegetation cover, as well as its 
distribution, throughout the city of Perth. In addition, the majority of houses in Perth 
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are designed for a single family and are also relatively covered by trees, compared with 
the city of Baghdad. These factors will be analysed and discussed in more detail in the 
next two chapters. 
4. 6. Chapter summary 
Information about patterns of urban growth via the measurement of impervious 
surfaces during the past few decades is important, particularly when it sheds light on 
related environmental issues. In this chapter, the spatiotemporal development of 
impervious surfaces in two cities, Baghdad and Perth, was quantified using multi-date 
Landsat data. The results showed that overlaying ISA maps and then dividing into 
eight zones is a powerful approach in monitoring urban development, since it supports 
the precise determination of the amount and direction of the growth of impervious 
surfaces in each zone. In both cities, impervious surfaces expanded noticeably; 
however, the rate of increase fluctuated in response to different specific circumstances. 
The analysis showed that the area of impervious surfaces in Baghdad increased by 
18.6% (161.9 km2) from 1976 to 2015, while an increase of about 14.1% (68.6 km2) 
from 1974 to 2015 was estimated for Perth. The analysis provides useful information 
about patterns of impervious surfaces in different periods for the two cities. This 
information is therefore useful for a better understanding of how both cities have 
developed over time. These results are important in identifying the composition and 
configuration of urban landscape patterns and the characteristics of urban cover 
surfaces which appear to have effect on urban thermal environments.
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5. Spatial pattern of urban landscape and its relation with LST  
5. 1. Introduction  
Rapid urban expansion appears to have an effect on urban climate (Fall et al., 2010; 
Hamdi, 2010) and on the overall environment (Svirejeva-Hopkins et al., 2004), 
including urban ecosystems (Jones et al., 1990; Turner, 1994) and hydrological 
systems (Konrad & Booth, 2002; Jacobson, 2011). Increasing surface and air 
temperatures are the most serious impacts of rapid urban expansion (Oke, 1987). The 
spatial distribution and configuration of an urban landscape such as buildings, green 
spaces, and water bodies are the key drivers affecting the urban thermal environment 
(Kottmeier et al., 2007; Bao et al., 2016). 
Satellite imagery has been widely used to assess urban environments. Impervious 
surface area (ISA) and land surface temperature (LST) are recognised as main 
indicators in assessing the effect of an urban environment (Lu & Weng, 2006). These 
parameters can be easily quantified, and may help to address environmental problems 
caused by urban growth (Arnold Jr & Gibbons, 1996; Rashed et al., 2001). 
Numerous studies have been conducted for mapping impervious surface area using 
Landsat data (Wu & Murray, 2003; Lu & Weng, 2006; Deng et al., 2012). Yuan and 
Bauer (2007) and Weng and Lu (2008) for example demonstrated that LST is 
positively correlated with impervious surface area (ISA). Meanwhile, the LST 
intensifies with the enhancement of built-up cover; similarly, LST is negatively 
correlated with vegetation cover in an urban area. 
The urban heat island (UHI) effect can be intensified by the loss of vegetation cover 
resulting from urban expansion. As urban area expands, land use diversity and 
landscape fragmentation take place that can produce adverse environmental impacts 
(Weng, 2007; Shrestha et al., 2012). In contrast, the introduction of urban vegetation 
with appropriate distribution (Dimoudi & Nikolopoulou, 2003; Bao et al., 2016), 
combined with the presence of water bodies (Manteghi et al., 2015), can reduce 
temperature within an urban climate. 
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While the previous chapter has analysed and quantified spatiotemporal developments 
of impervious surfaces in Baghdad and Perth during the study periods, the overall aim 
of this chapter is to understand the extent to which the urban thermal environment is 
influenced by the spatial patterns of land use and land cover (LULC) features.  
Specifically, the objectives of this chapter are: 
1) to quantify the spatial distribution of major land use and land cover categories; 
2) to determine the intensity of  impervious surfaces; 
3) to examine the relationship between the proportion of impervious surface area 
and land surface temperature; and 
4) to explore the effect of the spatial pattern of urban landscape on LST. 
5. 2. Datasets and methods  
5.2.1. Datasets  
In this chapter, Landsat 8 (OLI and TIRS) data during summer of 2015 were used (as 
described in Section 3.2.1).  
5.2.2. Urban cover classification 
Urban cover maps were prepared from Landsat images for both study areas for the 
period of summer of 2015. A hierarchical image classification was used to classify 
study areas into four main land use and land cover categories, including built-up area 
(ISA), green surface, bare land and water. The hierarchical method calculates each 
category separately. Firstly, water bodies were estimated using the modified 
normalised difference water index (MNDWI) (as described in Section 4.3.1.1). 
Secondly, built-up area was extracted using ISA techniques (as described in Section 
4.3.1.2). Thirdly, vegetation cover was determined using the normalised difference 
vegetation index (NDVI), which is used to describe vegetation characteristics such as 
green biomass and chlorophyll content. NDVI is calculated using red (0.63–0.69) and 
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near infrared (0.77–0.89) bands from Landsat images (Equation 5.1) and its value 
ranges from (-1 to 1) (Rouse Jr et al., 1974; Tucker, 1979; Tucker et al., 1985). 
NDVI =
(ρ(NIR)−ρ(Red))
(ρ(NIR)+ρ(Red))
                             (5.1) 
Where: 
ρ (Red) is the spectral reflectance of red band 
ρ (NIR) is the spectral reflectance of near infrared band 
Threshold values greater than 0.2 were used to determine vegetation cover using 
NDVI. The resultant image was reclassified and converted to polygons, and masked 
from the image as a separate category. Finally, based on a vector boundary file, the 
three categories, water, ISA and vegetation cover were clipped so that the remaining 
pixels represented the category of bare land only. 
5.2.3. Calculation of PISA and ISAT  
Percent impervious surface area (PISA) is a useful parameter for investigating 
impervious surface cover, and its utility to examine the effect on the quality of urban 
environments was first shown by Arnold Jr and Gibbons (1996). In this study, a grid 
with a cell size of 100 × 100 m was created to match the spatial resolution of TIR 
Landsat 8 image for subsequent analysis. This grid was overlaid with ISA maps to 
compute percent impervious surface area of each cell using ArcGIS 10.2 software 
(ESRI, 2013). A PISA map was prepared to show the percent impervious surface of 
the total area. The outcome of this operation ranges between 0 and 100%. The PISA 
maps were calculated for built-up areas using ISA maps that described in Section 
4.2.2.2. 
Map generation using the impervious surface analysis tool (ISAT) was carried out in 
several steps: the first was to generate a grid with a cell size of 100 × 100 m over the 
study area with a unique identifier; the second was the calculation of percentage 
impervious surface area within each grid cell; the third was the calculation of 
imperviousness coefficients based on major land use/land cover categories (i.e., high 
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(impervious surfaces), moderate (vegetation), and low (water and bare-land)); finally, 
the fourth step was to implement the tool using the above coefficients, as suggested by 
NOAA Coastal Services Center (2013). The output provides three categories, defined 
as low (1–10), medium (10–25) and high intensity (25–100) development. The results 
may be used to evaluate and predict the impact of impervious surfaces on the local 
environment. In this work, ISAT is only used to describe the distribution and amounts 
of impervious surfaces using low, medium, and high intensity values in the two study 
areas. Hence, the information derived from this tool is useful and may enhance our 
understanding with regard to the effect of impervious surfaces on the land surface 
temperature patterns. 
The relationship between PISA and LST was examined for two cities, Baghdad and 
Perth. A grid was generated over the study areas with a dimension of 100 × 100 m, to 
match the original spatial resolution of the thermal data. Therefore, the value of each 
grid cell represents the mean value of approximately nine pixels (30 × 30 m spatial 
resolution) for the impervious surface data. Sampling at higher of 500 and 1000 points 
per area did not improve the resulting correlations for relationships under 
investigation. Therefore, 100 sample grid points were considered to a sufficiently 
rigorous sample to evaluate the relationship between PISA and LST. These samples 
were randomly distributed over parts of the study areas that contained impervious 
surface footprints. The sample locations were then used to extract precise values from 
the PISA maps and LST maps. 
5.2.4. Landscape metrics calculation  
Based on the urban LULC maps derived from the Landsat 8 image, landscape metrics 
were calculated to quantify the spatial pattern of urban landscape for each city. A 
number of landscape metrics have been developed to measure and describe the spatial 
patterns of landscapes. These metrics have been extensively employed to study 
ecological quality (McGarigal et al., 2002), but are not commonly used to assess urban 
thermal environments. However, landscape metrics are generally used as ecological 
variables to understand the interaction of spatial patterns of land use with the 
environmental and ecological process (Turner et al., 2001; Wu et al., 2014).  
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Overall, addressing a particular objective, independent of the metrics, and scale of 
analysis, as well as comparison of two or more different landscapes, can be considered 
as criteria for the selection of an appropriate landscape index (Turner et al., 2001). 
Therefore, selection of landscape metrics was made based on previous studies, which 
meet these criteria, to determine changes in landscape spatial and temporal patterns 
(Jai & Zeng-Xiang, 2003; Siyuan et al., 2007).  
Yang et al. (2017) demonstrated that urban landscape patterns are considered to be one 
of the most important factors relevant to surface urban heat islands. Therefore, in this 
chapter, a set of landscape metrics, including Shannon’s diversity index (SHDI), 
Shannon’s evenness index (SHEI), the Modified Simpson’s Evenness Index (MSIEI) 
and patch density (PD) (Table 5.1) were used to analyse urban landscape patterns, and 
subsequently, to examine their influence on the LST pattern for both cities. These 
landscape metrics were derived from the major land use and land cover categories, and 
the values of each index were calculated based on a 100×100 m grid cell size.  
In some previous studies, these metrics have been named differently. Recently, a 
number of studies (e.g., Jai & Zeng-Xiang, 2003; Wang et al., 2003; Siyuan et al., 
2007; Wang et al., 2009) have referred to these metrics as the landscape diversity index 
(H), landscape dominance index (D), landscape homogeneity index (E), and landscape 
broken index (C), respectively. However, in this work the original spatial metrics have 
been adopted and are briefly defined below: 
 Shannon's diversity is one of the most commonly-used metrics for measuring 
landscape diversity. “Diversity” refers to how evenly the proportions of land 
cover types are distributed (O'Neill et al., 1988; Turner et al., 2001).  
 The Shannon's index of evenness is probably the most widely-used measure of 
dominance in landscape. “Dominance” is the extent to which a few land cover 
types dominate the landscape (Griffith et al., 2002).  
 Modified Simpson’s Evenness Index (MSIEI), which is a metric that considers 
only the evenness of patch sizes and not the number of patches, may be used 
to measure homogeneity in a particular landscape (Schindler et al., 2008). 
“Homogeneity” refers to the degree to which landscape is controlled by a few 
patch types (Wang et al., 2009).  
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 Patch density is a metric of landscape structure used to measure the areal 
density of landscape patches. It measures the spatial heterogeneity of a given 
landscape through the number of patches per unit area of LULC categories 
(Zhang et al., 2015).  
Table 5.1 Descriptions of the four selected landscape metrics (McGarigal et al., 
2002). 
Metric Description Computing equation Range 
Shannon's diversity 
index (SHDI) 
Equals minus the sum of the 
proportional abundance of 
each patch type multiplied by 
the Ln of that proportion 
SHDI = − ∑ 𝑃𝑖 × ln 𝑃𝑖
𝑚
𝑖=1   
Pi:  proportion of landscape in 
cover type i ; m: the number of 
different patch types 
 
 
SHDI  ≥ 0 
Shannon's evenness 
index (SHEI) 
Equals minus the sum of the 
proportional abundance of 
each patch type multiplied by 
that proportion, divided by 
the Ln of the number of 
patch types 
SHEI =
− ∑ 𝑃𝑖 ln (𝑃𝑖 )
𝑚
𝑖=1
ln 𝑚  
  
Pi: Proportion of landscape in 
cover type i; m: the number of 
different patch types 
 
 
0 ≤ SHEI ≤ 1 
Modified 
Simpson’s 
Evenness Index 
(MSIEI) 
Equals minus the Ln of the 
sum of the proportional 
abundance of each patch type 
squared, divided by the Ln of 
the number of patch types 
MSIEI =
−ln ∑  (𝑃𝑖 )
2𝑚
𝑖=1
ln 𝑚
  
Pi:  proportion of landscape in 
cover type i ; m: the number of 
different patch types 
 
 
0 ≤ MSIEI ≤ 1 
Patch density (PD) Equals the number of patch 
types (i.e. land cover 
categories)  in the landscape, 
divided by the area of that 
landscape  
PD = N/A 
N:   the number of different patch 
types; A:  total landscape area 
 
 
PD > 0 
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5. 3. Results  
5.3.1. Urban LULC classification 
The urban LULC classification conducted for both Baghdad and Perth cities provides 
an overview of the urban landscape for one period of time (summer 2015), as well as 
comparable information on the spatial distribution of LULC categories. The 
hierarchical method used to calculate each LULC category provided a reasonably 
accurate representation of the actual land cover distribution for each study area. The 
accuracy of the classified maps for 2015 was assessed using the method described in 
Section 4.3.1.3. The overall accuracy and kappa coefficient were 79% and 0.69 for 
Baghdad and 88% and 0.83 for Perth, respectively. User’s accuracy and producer’s 
accuracy for each category and each city are presented in Appendix A. Built-up and man-
made surfaces (ISA) are represented in red. Green areas represent orchards, 
agricultural fields, and vegetation, while blue represents water category (e.g., 
rivers/streams and artificial lakes). Areas of bare land (open space without artificial 
and vegetative cover, and cultivated land) are shown in yellow. 
The classification maps revealed that the distribution of LULC categories within the 
core of Baghdad city was dominated by impervious surfaces within the high density 
built-up area, while vegetated areas are located around the city margins. Green surfaces 
occurred mainly in the northwest, southwest, and southeast as agricultural areas, and 
along both sides of the Tigris River. Bare land category in Baghdad is mostly 
distributed within and around the built-up area (Figure 5.1). 
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Figure 5.1 Major land use and land cover categories in Baghdad, 2015. 
In Perth, it is observed that green space occupied the largest area, while bare land 
category occupied a very small portion of the city (Figure 5.2). Since the water bodies 
cover a large area, Perth perhaps has a tendency for having more green space near the 
coast, on the dune fields, and around rivers and lakes.  
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Figure 5.2 Major land use and land cover categories in Perth, 2015. 
The analysis revealed that built-up area (ISA) constitutes around 35% (301 of a total 
870.4 km2), followed by green space 34% (298 km2), bare land 29% (249 km2) and 
small areas of water 3% (23 km2) in Baghdad city, as shown in Figure 5.3. In contrast, 
green surface covered the highest percentage area of 45% (219 of a total 488.7 km2) 
followed by 41% impervious surfaces (202 km2) in Perth city. Water bodies occupied 
8.2% (40 km2) and a small proportion of Perth was found to be under bare land 
category (5.62%, 27 km2) (Figure 5.3). 
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Figure 5.3 Percent (%) of urban land cover categories in Baghdad and Perth. 
5.3.2. Relationship between percent impervious surface area and LST  
In Baghdad city, Figure 5.4(a) clearly shows that the higher percentages of impervious 
surface area are mostly distributed in the core area. 
The development intensity coefficient values for the impervious surface analysis tool 
(ISAT) range from low (less than 10%), medium (10–25%) to high (>25%). For 
Baghdad city, consistent with the percent impervious surface area values, the high-
intensity values covered most of the built-up category within the study area. Medium 
intensity values of the urbanised area were limited. A large area covered by low-
intensity values, which mostly represented rural areas (Figure 5.4(b)). 
On the LST map (Figure 5.4(c)), the high value of LST are mostly concentrated in the 
areas where dense built-up areas are widespread. These areas have a mean LST of 
between 48 °C and 54 °C, and are mainly distributed in the city centre, to the south, to 
the southwest and to the west of Baghdad. Nevertheless, the value of LST in a pixel  
decreases substantially where built-up areas becomes less dense and mixed with some 
natural cover such as vegetation and water bodies.  
Baghdad Perth
ISA 34.59 41.37
Green area 34.18 44.79
Bare land 28.61 5.62
Water 2.59 8.2
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Figure 5.4 Spatial pattern of ISA and LST in Baghdad: (a) percent impervious 
surface area (PISA); (b) impervious surface analysis tool (ISAT); (c) land surface 
temperature (LST). 
Figure 5.5 reveals the results of a statistical analysis comparing PISA and LST for 
Baghdad city. The following regression equation was obtained, which indicates that 
an increase in PISA is correlated to an increase in LST over Baghdad.  
 LST = 0.1013 ISA + 39.476                                            (5.2) 
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The relationship between PISA and LST is strongly and positively correlated, as 
indicated by the coefficient of determination (r2=0.669), suggesting that PISA has a 
significant effect on the distribution of LST in Baghdad city (Figure 5.5(a)). In this 
figure, some outliers at around 60 PISA% with LST values of around 40 °C, which 
were beyond the expected range of LST of built-up areas (42.3 °C to 49.8 °C as 
mentioned in Section 4.4.2), were removed. Those outliers may be the result of a 
mixture of different LULC categories (i.e., with those of lower LSTs) with ISA, 
leading to reduce LST values for those cells in the grid.  
 
Figure 5.5 Relationship between LST and percent impervious surface area for 
Baghdad city. 
Nearly 67% of the total variation of the mean LST sampled is accounted by the linear 
relationship with built-up area data. Based on the obtained linear regression function 
as described in Figure 5.5(a), the increases in PISA may be partly responsible for 
increases in LSTs. It can be seen from Figure 5.5(a) that the ISA was cut off at 50% 
which is the result of ISA grid cells having been chosen in densely built up areas 
between 50% and 100% ISA. Figure 5.5(b) shows that the majority of ISA values were 
clustered between 80% and 100%. In this context, the majority of the percentages of 
impervious surface area associated with high LSTs were high values of around 70% 
or more. The correlation plot indicates that very dense built-up areas in the city of 
Baghdad are associated with noticeably elevated LST. In contrast, the low density 
built-up areas contain natural surfaces which may have contributed to reducing the 
LST.  
The percent impervious surface area in Perth city is relatively homogeneous across the 
study area (Figure 5.6(a)). Figures 5.6(a, b, c) further indicate that green space and 
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water bodies are widespread in Perth and may account for relatively low LSTs in the 
city core and beyond.  
 
Figure 5.6 Spatial pattern of ISA and LST in Perth: (a) percent impervious surface 
area (PISA); (b) impervious surface analysis tool (ISAT); (c) land surface 
temperature (LST). 
The relationship between PISA and LST was examined by a linear regression. 
Following linear relationship was obtained (Figures 5.7(a)), which showed that for 
Perth the coefficient of determination (r2 = 0.777) is strong and somewhat higher than 
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that of Baghdad. That means about 78% of the total variation of the mean LST is 
explained by the linear relationship with the percent of ISA. 
 LST = 0.0973 ISA + 23.794                                            (5.3) 
 
Figure 5.7 Relationship between LST and percent impervious surface area for Perth 
city. 
Despite the fact that density of ISA in Perth is relatively low compared to that of 
Baghdad, the values of ISA samples were also obtained over densely built-up surfaces 
(%ISA > 50). Compared with Baghdad, it can be seen that there is a roughly peaked 
distribution with higher values between 60% and 90% ISA and lower values on either 
extreme for Perth (Figure 5.7(b)). In Perth, the extent of vegetation cover and number 
of water bodies is high, which may contribute to local areas of low LST. However, in 
both cities, the spatial pattern of LST indicates that LST is relatively high within urban 
areas, particularly in high density built-up areas. 
5.3.3. Landscape metrics and LST analysis  
The observed increase of built-up surfaces in both cities (Baghdad and Perth) during 
the study period reflects landscape shapes in each city that became gradually more 
complex because of the changes in land use and land cover. In order to compare 
landscape patterns of the two cities, it is necessary to examine the composition and 
configuration of the urban landscape in detail.  
The relationships between landscape metrics of urban spatial composition and mean 
LST can provide more detail about the complexity, composition, and configuration of 
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urban landscape. The outcome of such an analysis may be an important aspect in 
assessing LST, and comparing the nature of surface urban heat islands between the 
two cities.    
The selected landscape metrics, including the Shannon’s diversity index (SHDI); 
Shannon’s evenness index (SHEI); modified Simpson’s evenness index (MSIEI); and 
patch density (PD) were calculated at the landscape level (as described in Section 
2.5.2) for the major land use and land cover categories. Scatter plots were generated 
to examine any correlation between the landscape metrics and LST. The results 
provided a clear contrasting picture between the two cities with regard to the diversity, 
dominance, homogeneity, and heterogeneity metrics. 
5.3.3.1. Baghdad city 
Figure 5.8 shows the spatial distribution of each landscape index in Baghdad. The 
values of the Shannon’s diversity index (SHDI), Shannon’s evenness index (SHEI), 
modified Simpson’s evenness index (MSIEI), and patch density (PD) ranged from 0 
to 3.433, 0 to 1, 0 to 1, and 0 to 20.689, respectively. The results indicate that the west 
side of Baghdad is more homogenous, diverse and broken relative to other parts of the 
city. On the other hand, the Shannon’s evenness index (SHEI) showed that the city 
core has more impervious surfaces whilst beyond the city core vegetation cover is 
more dominant. 
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Figure 5.8 Spatial distribution of landscape metrics in Baghdad: (a) Shannon's 
diversity index; (b) Shannon's evenness index; (c) Modified Simpson's evenness 
index; and (d) Patch density. 
The correlation between LST and each of landscape metrics was examined and is 
shown in Figure 5.9(a-d). The correlation coefficients for LST and Shannon’s diversity 
index (SHDI), Shannon’s evenness index (SHEI), modified Simpson’s evenness index 
(MSIEI), and patch density (PD) were found to be (r = – 0.61, p-value < 0.001), (r = 
0.62, p-value < 0.001), (r = – 0.56, p-value < 0.001), and (r = – 0.45, p-value < 0.001), 
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respectively. These results indicate that the Shannon’s diversity index (SHDI) had a 
strong inverse relation, and modified Simpson’s evenness index (MSIEI) and patch 
density (PD) had a moderate inverse relationship with LST. However, the Shannon’s 
evenness index (SHEI) showed a strong positive correlation with LST. These results 
are consistent with the study conducted by Jai and Zeng-Xiang (2003) showed that the 
Shannon’s evenness index (SHEI) is inversely related to the Shannon’s diversity index 
(SHDI).  
 
Figure 5.9 Scatter plots between LST and landscape metrics in Baghdad: (a) 
Shannon's diversity index; (b) Shannon's evenness index; (c) Modified Simpson's 
evenness index; and (d) Patch density. 
5.3.3.2. Perth city 
The spatial distribution of each of the landscape metrics for Perth city are shown in 
Figure 5-10(a-d). Compared with Baghdad, different ranges of values of landscape 
metrics were found for Perth. The values of the Shannon’s diversity index (SHDI), 
Shannon’s evenness index (SHEI), modified Simpson’s evenness index (MSIEI), and 
patch density (PD) ranged from 0 to 1.911, 0 to 1, 0 to 1, and 0 to 50, respectively. The 
results indicate that Shannon’s diversity index, modified Simpson’s evenness index, 
and patch density are distributed across the study area except for the centre of Perth, 
which contains the Swan River and some relatively large vegetation covers. It can be 
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seen from Figure 5-10(b) that those central areas have high values of the Shannon’s 
evenness index (SHEI), indicating that there is less diversity of landscape.   
 
Figure 5.10 Spatial distribution of landscape metrics of Perth: (a) Shannon's diversity 
index; (b) Shannon's evenness index; (c) Modified Simpson's evenness index; and (d) 
Patch density. 
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The results of statistical analysis between each of the landscape metrics and LST are 
shown in Figure 5.11(a-d). It can be seen from the scatter plot in Figure 5.11(a) that 
there is a strong and a significant correlation between the Shannon’s diversity index 
(SHDI) and LST (r = 0.68, p-value < 0.001). The correlations between LST and 
modified Simpson’s evenness index (MSIEI), and patch density (PD) were found to 
be strong (r = 0.64, p-value < 0.001) and moderate (r = 0.51, p-value < 0.001) (Figure 
5.11(c, d)), respectively. However, a strong negative correlation was found between 
LST and the Shannon’s evenness index (SHEI) (r = – 0.75, p-value < 0.001) (Figure 
5.11(b)). Therefore, the relationships observed for the two cities were consistently 
opposite to each other.    
 
Figure 5.11 Scatter plots between LST and landscape metrics for Perth: (a) 
Shannon's diversity index; (b) Shannon's evenness index; (c) Modified Simpson's 
evenness index; and (d) Patch density. 
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5. 4. Discussion  
As mentioned in Section 4.4.1, both Baghdad and Perth cities experienced a significant 
urban expansion during the last five decades. Land cover change has contributed to an 
increase in impervious surfaces, hence an increase in LST. An increase in impervious 
surface area seems to be affecting the temperature patterns of the two cities. The 
impervious surface area is increasing with time at the expense of other land cover 
types, especially green covers and open spaces.   
5.4.1. Impact of impervious surfaces on LST 
Uncontrolled and unplanned development in Baghdad city resulted in an increase of 
dense built-up areas in line with growth of population (as described in Section 3.1.1.3). 
Furthermore, commercial and industrial activities within residential areas in districts 
have also expanded in line with urban development. This agrees with the observation 
that cities in developing countries are becoming compressed due to urban growth 
(Jenks & Burgess, 2000).  
In contrast, natural surfaces such as vegetation cover and water bodies play a key role 
in mitigating LST. For example, having greater green cover in Perth greatly enhances 
the quality of the urban environment for city dwellers (Oliveira et al., 2011; Duarte et 
al., 2015). In the city of Baghdad, green cover is significantly diminishing as a result 
of urban expansion. Areas with green cover are mostly restricted to privately-owned 
houses that have areas of 600 m2 or more; orchards, which are mostly planted on the 
north and south banks of the Tigris River; and limited public parks and gardens. Green 
areas are not factored into planning for developments in Baghdad, and as a result, much 
of the old districts, and commercial and industrial areas do not have adequate 
vegetation.  
The observed LST pattern revealed elevated temperatures in the city core, to the south, 
to the southwest and to the west of Baghdad. The city centre includes commercial, 
industrial and old residential areas. The south and southwest districts are mostly 
covered by industrial areas and military bases. The western region includes Baghdad 
international airport. All these areas predominantly covered by highly impervious 
surfaces. Referring to Figure 5.12(a, b, c), one can find that areas located in the city 
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centre are characterised by highly dense impervious surfaces. Meanwhile, green 
surfaces and open spaces are very sparse in these areas. Hence, elevated LST would 
be expected due to these impervious surfaces and human activities. The commercial 
areas (Figure 5.12(a)), while distributed widely, are concentrated in the city centre, 
especially the older areas. These areas are very crowded throughout the year, since 
they are of significant commercial importance for Baghdad and Iraq. Many other new 
commercial markets have also been built around the city centre because of urban 
population growth. 
Several industrial areas (Figure 5.12(b)) are also located in and around the city centre 
of Baghdad based on older master planning. In more recent times, the existence of 
these large areas have become a problem for the constructional, environmental and 
socioeconomic aspects of urban planning. The old districts with narrow alleys (Figure 
5.12(c)) within Baghdad city are in general high characterised by dense residential 
areas and mostly historical and heritage areas, and extend across a large, historically 
established area. In addition, the past few decades have seen the construction of other 
residential areas, which became highly dense as a result of the small size of units (as 
discussed in Section 4.5).    
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Figure 5.12 Satellite images (left) and photographs (right) showing: (a) commercial 
area; (b) industrial area; (c) old residential district (narrow alley). These images show 
highly dense impervious surfaces with almost no green cover or open spaces in the 
core of Baghdad city (Source: Google maps and images). 
Urban development in Perth city is markedly different to Baghdad, since urban 
environmental issues have been considered throughout the planning and management 
stages of urban development. The amount and distribution of vegetation, vegetated 
open spaces, and parks allocated in planning has contributed to lower LST. Green areas 
have been planted amidst commercial, industrial and residential areas, as can be found 
in the satellite imagery (Figure 5.13(a, b, c)). 
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Figure 5.13 Satellite images (left) and photographs (right) showing: (a) commercial 
area; (b) industrial area; (c) residential area. In these images, green cover and open 
spaces are clearly visible in Perth (Source: Google maps). 
The plan of the “urban forest” has been applied as an objective strategy to improve 
city liveability and to promote community health and well-being. Urban forest is a 
valuable amenity of the city infrastructure that includes trees, green spaces, and other 
vegetation (City of Perth, 2016b). This strategy aims to improve canopy cover in the 
city by implementing nine goals as mentioned in Figure 5.14. In the early 20th century, 
there was a focus on modern town planning. Accordingly, Australian capital cities 
established town planning associations during the period of 1913-1916. Thenceforth, 
a number of new plans, strategies and regulations were prepared to control 
development and improve the urban environment of Perth through public policies 
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(Freestone, 2009). By 1929, redressing the defects of the past, and planning for future 
in an orderly manner were the aims of the Western Australian association. The 
principles of ecologically-sustainable development were adopted during the 1990s. 
Recently, an environmental strategy for the city of Perth has been developed to 
empower the city to achieve a high level of environmental management, and an 
environmentally sustainable city (City of Perth, 2016a).  
 
Figure 5.14 Nine goals of the urban forest plan for Perth city (Source: (City of Perth, 
2016b). 
In general, Perth is covered by a large amount of green infrastructures, including parks, 
public gardens, private gardens, golf courses, etc. The selection of suitable plants 
(usually those native to WA), and a spread of vegetation, green spaces and water 
bodies throughout built-up areas, have decreased the percentage and continuity of 
impervious surfaces. The higher amounts of green cover in Perth City resulted in lower 
amounts of impervious surfaces throughout the study area. While, the majority of 
impervious surface cells in Baghdad (70% or more) had high mean LSTs (and more 
agglomeration), mostly representing the city centre. These are consistent with (Yuan 
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& Bauer, 2007), who mention that the density and characteristics of impervious 
surfaces in each grid has a significant effect on the pattern of LST, and that amounts 
and diversity of green cover across impervious surfaces can inversely affect LST. The 
variation of land surface temperature between Baghdad and Perth is related to the 
amount of impervious surfaces and characteristics of the urban fabric. These findings 
are in agreement with previous studies which identified the relationship of impervious 
surfaces and vegetation with LST elsewhere (Yuan & Bauer, 2007; Tang & Xu, 2016). 
It can be concluded from above discussion that green infrastructure within Perth is 
widespread as a result of supporting and regulating the local, state and federal 
governments in Australia to protect vegetation, therefore protecting the urban 
environment from the influence of heat islands. While Perth has significant financial 
penalties for any breach of a planning scheme outlined in the Planning and 
Development Act 2005, no such strong planning regulation has been implemented in 
Baghdad. From this analysis, it is evident that planning regulation may have a serious 
impact on the urban thermal environment. 
5.4.2. LST relationships to landscape metrics 
The correlations between landscape metrics and mean LST indicate that land surface 
temperature may be influenced by landscape patterns in the two cities. The results 
highlighted that Baghdad has substantial built-up area and bare land categories with 
relatively low amounts of green areas and water bodies. The LST map for Baghdad in 
2015 (described in Section 4.4.2) revealed that, the categories of bare land (51.9 °C) 
and built-up area (49.8 °C), had relatively higher LST than greenery areas (45.5 °C) 
and water bodies (35.4 °C). Also, the complexity and irregular shapes of built-up areas, 
particularly in the old districts, are related for elevating LST. In contrast, Perth within 
its urban core has a larger amount of, and more homogeneous, vegetation cover (32.1 
°C) and water bodies (26.8 °C) that had lower LST compared with bare land (38.7 °C) 
and built-up area (36.2 °C). In addition, shapes of built-up patches are regular, which 
may have contributed to lower LSTs than Baghdad. 
It should be mentioned that the correlations for each city are quite opposite as shown 
in Figures 5.9 and 5.11 and Table 5.2.  
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Table 5.2 Correlation coefficients (r) between landscape metrics and LST for 
Baghdad and Perth. 
 
Landscape metrics 
Baghdad Perth 
LST 
r r 
Shannon’s diversity index (SHDI) – 0.61    0.68 
Shannon’s evenness index (SHEI)    0.62 – 0.75 
Modified Simpson’s evenness index (MSIEI) – 0.56    0.64 
Patch density (PD) – 0.45    0.51 
This difference seems to be reflecting the influence of land use and land cover 
categories and their spatial pattern. For Baghdad, the result for the Shannon’s evenness 
index (SHEI) (Figure 5.8(b)) shows that the majority of cells were impervious surfaces 
and bare land, especially in the areas of commercial, industrial, and old districts. 
Therefore, the correlation of the Shannon’s evenness index (SHEI) with land surface 
temperature may have been strongly positive (r = 0.62) due to their dominance. On the 
other hand, the Shannon’s diversity index (SHDI), modified Simpson’s evenness index 
(MSIEI), as well as patch density (PD) were found negatively correlated with LST       
(r = – 0.61, – 0.56 and – 0.45, respectively). This may have resulted from mixing those 
cells of dominated categories such as impervious surfaces and bare land (having high 
LST) with other low LST categories such as water and vegetation. 
In contrast to Baghdad, Perth appears to have inverse correlations for each of the 
landscape metrics with LST. The reason may be linked to the existing land use and 
land cover pattern, i.e., a large number of cells are covered by green area and water 
bodies. An increase in these cells may act to reduce LST. The Shannon’s evenness 
index (SHEI) had a strong inverse correlation with LST (r = – 0.75). In detail however, 
decreased values of the Shannon’s evenness index (SHEI) occur normally as a result 
of mixing those cells with other high LST categories like impervious surfaces and bare 
land that led to elevated LST. Therefore, in the case of Perth, the Shannon’s diversity 
index (SHDI), modified Simpson’s evenness index (MSIEI), and even patch density 
(PD) contributed to elevated land surface temperature, hence resulting in positive 
correlations (r = 0.68, 0.64 and 0.51, respectively).  
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These findings are in agreement with previous studies that examine the relationship of 
LST with landscape patterns. LST was observed to decrease as a result of a more 
homogeneous dispersed pattern of vegetation patches around built-up areas (Asgarian 
et al., 2015). Another study conducted by Liu and Weng (2008) pointed out that 
decreases in building densities can minimize LST in urban areas. 
5. 5. Chapter summary 
This chapter has demonstrated how land surface temperature was affected by dense 
built-up areas and spatial patterns of the urban landscape in both Baghdad and Perth 
cities. Both study areas were classified into four main categories by a hierarchical 
image classification method. The classified maps provided quantitative information 
about the distribution of LULC. These maps were employed to produce an impervious 
surface analysis tool (ISAT). Percent impervious surfaces area (PISA) and the 
impervious surface analysis tool (ISAT) were used to quantify the spatial distribution 
of impervious surfaces. Then, the relationship between percent impervious surfaces 
area and LST was examined. In addition, landscape metrics such as the Shannon’s 
diversity index (SHDI), Shannon’s evenness index (SHEI), modified Simpson’s 
evenness index (MSIEI), and patch density (PD) were used to investigate the impact 
of spatial patterns of the urban landscape on LST. The results revealed that the factor 
of the percent impervious surface area may be an important tool for inferring the land 
surface temperature pattern. Results also indicated that the LST had been affected by 
the spatial pattern of urban landscape for both cities.       
In this chapter, the influence of spatial composition and configuration of land use and 
land cover on LST was examined. However, the variation in land surface temperature 
in urban areas can result from other important factors, such as characteristics of urban 
cover surfaces, and this will be investigated in the next chapter.
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6. Thermophysical behaviour of urban LULC categories  
6. 1. Introduction  
The previous chapter analysed and evaluated the effect of the spatial pattern of urban 
landscape on land surface temperature for Baghdad and Perth. This chapter focuses on 
investigating thermophysical behaviour of urban LULC surfaces within the urban 
environment. This is designed to assist in the examination of urban heat islands (UHIs) 
in the two cities. 
Generally, impervious man-made surfaces absorb more heat, and therefore exhibit 
increased temperature, in comparison to natural surfaces, such as vegetation cover, due 
to greater absorption of solar radiation (Uemoto et al., 2010). This effect is known as 
the urban heat island (UHI) phenomenon, and is typified by urban areas that exhibit 
higher temperatures than their expected background temperature. Many studies have 
been carried out on UHI around the world, especially in large cities. All of them have 
confirmed that urban areas have a higher surface and air temperature than their 
surrounding rural vegetated areas. Santamouris et al. (2011) demonstrated that 
materials that absorb and retain heat are accountable for such effect. According to Day 
and Roaf (2007), the building and construction sector is considered one of the leading 
sectors for high raw materials consumption, energy consumption, waste production, 
and release of polluting gases to the urban environments. Large areas of dark surfaces 
like concrete, bricks, and asphalt absorb and store solar radiation during the day and 
release it in the evening (Oke et al., 1991; Yow, 2007).    
In this chapter, two essential parameters are used to study the urban cover. These 
parameters are surface albedo and land surface temperature. The thermal behaviour of 
most common LULC categories is examined using field measurements and remotely 
sensed data. Many recent studies have investigated the relationship between directly 
measured surface albedo and surface temperature for urban cover surfaces to assess 
the thermal environment of an urban area. According to Menon et al. (2010), the land 
surface temperature (LST) in urban areas decreases approximately 0.008 K for an 
average increase of 0.0003 albedo during the summer season in the USA. Another 
study carried out by Taha (1997) showed that increasing surface albedo in cities in the 
USA has contributed to the decrease of the urban heat islands effect through a decrease 
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in air temperature of between 2 and 4 °C. In another experiment, raising the surface 
albedo of the pavement at Portland State University, Oregon, USA from 0.37 to 0.91, 
led to a corresponding decrease in air temperature of 1.3 °C (Taleghani et al., 2014). 
In addition, increasing surface albedo of built-up surfaces can reduce the amount of 
energy consumed for cooling. Akbari et al. (2006) pointed out that energy consumption 
for cooling reduced by up to 20% as a result of improving the surface albedo of 
rooftops from 0.1 to 0.6. 
There are a number of challenges to be faced when studying and analysing urban areas 
with field work and remote sensing data. These include the complex nature of 
landscape types, limitations in the spatial and spectral resolutions of remotely sensed 
data, similar reflectance signatures of some LULC surfaces, and the problem of mixed-
pixels in urban surfaces. Different experimental procedures have been used to measure 
surface temperature and spectral reflectance of building materials. Some studies used 
a spectrophotometer (Varian Carry 5000) to measure samples in the laboratory 
(Stathopoulou et al., 2009; Synnefa et al., 2009). Other studies tested collected samples 
of different materials on a horizontal platform (Synnefa et al., 2007). Difficulties faced 
by these studies related to the time of data acquisition, and problems with LULC 
categorisation.  
In this context, there are also a limited number of comparisons between remote sensing 
data and field measurements of surface albedo and LST. Therefore, the combined field 
work and remote sensing data in this study is of great benefit to studies of the thermal 
urban environment. In order to overcome these problems, a new method has been 
developed to temporally adjust field observations, and then compare them with 
Landsat-derived parameters to examine the thermal behaviour of a variety of LULC 
surfaces.     
The aim of this chapter is to investigate the thermophysical behaviour of urban LULC 
categories in Perth. This chapter first describes data collection methods, followed by a 
description of the new method required to adjust the field measurements of surface 
albedo and LST. Then the relationship between adjusted field measurements and 
Landsat-derived surface albedo and LST is examined. The effect of various urban 
LULC surfaces on the urban thermal environment is then analysed. 
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6. 2. Materials  
6.2.1. Field work instruments  
The LP PYRA 06 pyranometer and the FLIR E5 infrared camera were employed to 
record surface albedo and surface temperature, respectively. The major features of 
these instruments were described in Section 3.2.2. 
6.2.2. Satellite image  
A Landsat 8 image, acquired on the 23rd of January 2016 at 10:11:43 am Perth local 
time (as described in Section 3.2.1.), was used for the analysis in this chapter. 
6. 3. Methodology  
Surface albedo and surface temperature were measured for the main urban LULC 
surfaces using portable instruments, a pyranometer (LP PYRA 06) and an infrared 
camera (FLIR E5), to investigate their thermal behaviour. The observed data from the 
field were scheduled on the same day and days surrounding the expected overpass of 
Landsat 8 over Perth. A new method was developed and applied as an adjustment to 
the field measurements. Next, the relationships between adjusted values collected from 
the field with values retrieved from the Landsat 8 image for both surface albedo and 
surface temperature were examined. Finally, the adjusted data was used to analyse the 
thermophysical behaviour of the selected urban land cover surfaces. In this chapter, 
this methodology was applied within the central Perth metropolitan area.   
6.3.1. Field measurements  
For this study, 24 materials from different rooftops and ground surfaces, representing 
built-up areas, vegetated surfaces, bare land and water bodies were selected. Appendix 
B shows visible and thermal images of the samples taken from the field. As shown in 
Table 6.1, field measurements were taken with the pyranometer and the infrared 
camera over a number of days, around the time of the Landsat overpass on 23th of 
January 2016. All observations were carried out between 9 am and 3 pm in hot and 
clear summer days. The shortness of the experimental period during daytime and the 
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difficulty of access to some rooftops led to collection of data over several days that 
included the 22nd, 23rd, 24th, 28th of January and 7th February of 2016. Surface albedo 
values were recorded using an LP PYRA 06 according to ASTM Standard E1918-06 
(2006). Measurements were taken at a distance of 50 cm, levelly mounted above the 
surfaces (Figure 6.1). Mean albedo values were calculated from a number of readings 
which were taken at one minute intervals in different locations. This process was done 
for each of the categories. In addition, land surface temperatures (LST) were measured 
by an infrared camera. Then, the thermal images were analysed by FLIR Tools 
software to extract surface temperature values. The analysis was performed by 
calculating the mean surface temperature from several thermal images of each 
category based on a mean of all pixels in an image.  
 
Figure 6.1 Measuring surface albedo by pyranometer with stand at 0.5 m from 
surface. 
 
 Chapter 6        Thermophysical behaviour of urban LULC categories 
120 
 
Table 6.1 Measurements of surface albedo and surface temperature in Perth city. 
Materials 
Albedo LST 
No. of 
Observations 
Date 
Actual  
time 
Adjusted 
time 
Min Max Mean Min Max Mean Albedo TIR 
New concrete 0.41 0.414 0.411 ± 0.0014 37.4 37.9 37.7 ± 0.289 8 3 7-Feb 9:42-9:54 10 
Old concrete 0.203 0.216 0.209 ± 0.0049 45.8 48.9 47.5 ± 1.088 19 6 22-Jan 11:17-11:30 11:30 
New black asphalt 0.062 0.072 0.065 ± 0.0026 54.5 57 55.7 ± 1.057 11 5 24-Jan 10:06-10:18 10 
Old black asphalt 0.139 0.163 0.152 ± 0.0088 48.1 53.4 50.2 ± 1.904 24 9 24-Jan 9:40-9:55  10 
New red asphalt 0.127 0.134 0.13 ± 0.0026 69.5 71.2 70.3 ± 0.622 10 5 7-Feb 2:07-2:18 2 
Old red asphalt 0.136 0.165 0.148 ± 0.0122 65.2 68.7 67.2 ± 1.401 23 6 24-Jan 12:05-12:30 12:30 
Rubber 0.134 0.142 0.137 ± 0.0025 51.7 58 54 ± 2.088 20 7 22-Jan 9:53-10:08 10 
Red brick 0.143 0.2 0.171 ± 0.0268 51.9 57.9 55.3 ± 2.335 18 6 22-Jan 11:00-11:15 11 
Yellow brick 0.246 0.249 0.247 ± 0.0009 59.5 60 59.7 ± 0.216 8 4 7-Feb 2:24-2:33 2:30 
Red Tile 0.224 0.338 0.285 ± 0.0476 50.5 52.6 51.7 ± 0.853 29 5 22-Jan 10:40-10:52 11 
Brown Tile 0.154 0.171 0.159 ± 0.0047 64 65.6 64.8 ± 0.541 14 7 7-Feb 12:00-12:15 12 
Green Tile 0.235 0.245 0.242 ± 0.0042 56.9 60.2 58.8 ± 1.422 11 4 24-Jan 2:52-3:04 3 
White Metal 0.493 0.522 0.511 ± 0.0095 47.7 49.9 49.5 ± 0.601 28 12 22-Jan 9:10-9:35 9:30 
Red Metal 0.281 0.291 0.287 ± 0.0031 69.4 71.1 70.1 ± 0.680 18 5 22-Jan 11:50-12:05 12 
Grey Metal 0.329 0.348 0.34 ± 0.0066 69.3 71.1 69.8 ± 0.780 22 5 22-Jan 12:30-12:45 12:30 
Green Metal 0.247 0.267 0.256 ± 0.0084 55.3 59.1 57.2 ± 1.768 5 5 24-Jan 2:40-2:49 3 
Brown Metal 0.204 0.209 0.206 ± 0.0017 66 66.9 66.5 ± 0.451 12 3 7-Feb 2:45-2:56 3 
Grass 0.27 0.299 0.281 ± 0.0089 33.8 36.9 35.4 ± 1.154 31 7 23-Jan 9:50-10:15 10 
Shrubs 0.217 0.238 0.224 ± 0.0063 33.6 36.7 35 ± 1.267 12 7 7-Feb 2:37-2:40 3 
Trees  0.149 0.155 0.152 ± 0.0022 34.7 39.6 36.2 ± 1.583 10 9 22-Jan 11:36-11:45  11:30 
Bare land 0.258 0.322 0.293 ± 0.0262 54.9 58 56.6 ± 1.128 20 5 24-Jan 2:23-2:30 2:30 
Soil  0.277 0.279 0.278 ± 0.0008 57.5 58.4 58 ± 0.451 6 3 24-Jan 2:35-2:46    11:30 
Mulch 0.183 0.211 0.202 ± 0.0089 50.2 53.1 51.9 ± 1.107 15 5 7-Feb  9:56-10:08 10 
Water 0.025 0.045 0.031 ± 0.005 29.2 31.1 30.4 ± 0.520 21 14 23-Jan 10:44-11:10 11 
As the aim of this chapter is to analyse thermal behaviour of dominant LULC 
categories within the urban environment, and to examine the relationship between field 
measurements and remotely sensed data, it was necessary to adjust all observed values 
to the time of the satellite overpass, which was 10 am local time. A new approach 
therefore involved taking other observations (training samples for some surfaces) of 
surface albedo and surface temperatures at 30 minutes intervals from 9 am to 3 pm 
local time. The purpose of this approach was to obtain semidiurnal variations of 
thermal values for the selected surfaces. All field measurements were initially adjusted 
to the nearest half hour to match them with the semidiurnal variations as shown in 
Table 6.1.  
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An important adjustment was applied to the values of surface albedo and surface 
temperature separately, based on some other factors as illustrated in the following 
sections. 
6.3.1.1. Adjustment of the albedo mean values  
In general, diurnal values of albedo vary with the solar zenith angle during the day. 
This means they are higher in the early morning and lower at noon (Zhang et al., 
2012b; Rutan et al., 2014).  
Field-based mean (n=6) semidiurnal values of albedo for old concrete, old black 
asphalt and red bricks are illustrated in Table 6.2. The albedo mean values measured 
between 9 am and 3 pm, for example, ranged from 0.302 to 0.297, 0.171 to 0.17 and 
0.293 to 0.284 for old concrete, old black asphalt and red bricks, respectively. Despite 
these differences, the variation in albedo due to solar zenith angle for these surfaces 
for each 30 minutes interval was similar.  
In general, it can be concluded that the maximum mean value of albedo occurred at 9 
am, following which time albedo decreased to reach a minimum mean value at 12:30 
pm, and then again increased in the same manner (Figure 6.2).   
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Figure 6.2 Temporal variation of surface albedo observed over old concrete, black 
asphalt and red ground bricks. 
 
In order to adjust mean albedo values that were taken at different times to be 
comparable with data for 10 am, a correction was used that depended on the 
semidiurnal differences measured three surfaces in Figure 6.2, and extrapolated to all 
surfaces. For example, the value of old red asphalt (see Table 6.4) was converted from 
0.148 at 12:30 pm to 0.163 at 10 am by adding differences over the five half hour 
intervals between measurement times (0.003 + 0.003 + 0.003 + 0.003 + 0.003). 
6.3.1.2. Adjustment of the surface temperature mean values  
In order to demonstrate thermal behaviour of LULC in terms of surface temperature, 
LULC surfaces were first thermally classified into seven categories based on their heat 
capacity. Secondly, one material was selected from each group to determine thermal 
variation from 9 am to 3 pm at 30 minutes intervals.   
The first step was to classify urban LULC categories into discrete groups. These 
categories were classified according to their heat capacity, which were based on the 
standard heat capacity of each material stated in the literature (Jayalakshmy & Philip, 
2010; Integrated Environmental Solutions, 2011; Dupont et al., 2014; Hens, 2016). 
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Heat capacity is defined as the amount of heat required to increase the temperature of 
a unit mass of a substance by one degree Celsius. The heat capacity values of selected 
LULC surfaces are shown in Table 6.2. 
Table 6.2 Groups and heat capacity of urban LULC materials. 
      Group Materials 
Heat 
Capacity 
J/(Kg*k) 
Group Materials 
Heat Capacity 
J/(Kg*k) 
1 Concrete 
New concrete 
Old concrete 
960 
4 Metal 
White Metal 
Red Metal 
Grey Metal 
Green Metal 
Brown Metal 
 
 
480-530 
 
 
 
2 
Asphalt 
& 
Rubber 
New black asphalt 
Old black asphalt 
New red asphalt 
Old red asphalt 
Rubber 
1000 
5 Vegetation 
Grass 
Shrubs 
Trees 
 
1300-2000 
 
3 
Bricks 
& Tiles 
Red brick 
Yellow brick 
Red Tile 
Brown Tile 
Green Tile 
800-835 
6 Bare-soil 
Bare land 
Soil 
Mulch 
 
837-910 
 
7 Water Water 4187 
The second step was to determine the percentage change (increasing/decreasing) in the 
surface temperature at each half hour for one particular material from each group. This 
method was used to measure thermal behaviour of the LULC categories depending on 
their thermal accumulation. 
Table 6.3 shows surface temperature observations for old concrete and old black 
asphalt on the 17th of February 2016, grass and red bricks on the 20th of March 2016, 
and for brown metal and soil on the 29th of March 2016. Measurements were taken 
during clear sky at half hour intervals for all these surfaces except soil for which the 
observation was conducted on an hourly basis.   
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Table 6.3 Percent change in surface temperature for old concrete, old black asphalt, 
brown metal, red ground bricks, grass and soil. 
Time 
Old concrete Old B asphalt Brown metal Red brick Grass Soil 
LST %chg. LST %chg. LST %chg. LST %chg. LST %chg. LST %chg. 
9 ⬆39.7 0.061 ⬆45.4 0.062 ⬆39.9 0.055 ⬆32.1 0.055 ⬆30.6 0.063 ⬆30.2 0.058 
9:30 ⬆41.9 0.064 ⬆46.4 0.063 ⬆47.6 0.065 ⬆34.4 0.059 ⬆30.9 0.064  0.063 
10 ⬆44.4 0.068 ⬆48.2 0.066 ⬆52 0.071 ⬆37.2 0.064 ⬆33.8 0.070 ⬆35.3 0.067 
10:30 ⬆48.3 0.074 ⬆52.4 0.072 ⬆56.3 0.077 ⬆40.4 0.070 ⬆36.3 0.075  0.073 
11 ⬆49.5 0.076 ⬆54.7 0.075 ⬆59.7 0.082 ⬆43.9 0.076 ⬆38.3 0.079 ⬆41.1 0.078 
11:30 ⬆51.4 0.079 ⬆57.3 0.078 ⬆62.5 0.086 ⬆46.4 0.080 ⬆39.8 0.083  0.083 
12 ⬆53.3 0.081 ⬆59.5 0.081 ⬆63.6 0.087 ⬆47.4 0.082 ⬍41.2 0.085 ⬆45.7 0.087 
12:30 ⬆52.8 0.082 ⬆60 0.082 ⬆64.1 0.088 ⬆49.2 0.085 ⬇40.9 0.083  0.088 
1 ⬆53.9 0.083 ⬆60.9 0.083 ⬍64.9 0.089 ⬆49.9 0.086 ⬇40.1 0.082 ⬍46.3 0.088 
1:30 ⬆54.6 0.083 ⬆61.7 0.084 ⬇62.3 0.085 ⬍50.3 0.087 ⬇38.8 0.080  0.084 
2 ⬆55.1 0.084 ⬆62 0.085 ⬇54.2 0.074 ⬇50.1 0.086 ⬇38.6 0.080 ⬇41.3 0.079 
2:30 ⬍55.2 0.084 ⬍62.3 0.085 ⬇53.8 0.074 ⬇49.6 0.086 ⬇37.7 0.078  0.077 
3 ⬇54.1 0.082 ⬇60.5 0.083 ⬇49.7 0.068 ⬇48.5 0.084 ⬇37 0.077 ⬇39.5 0.075 
With regard to the surface temperature variations in Table 6.3, there appears to be 
differences in thermal performance between each of these materials. It is also 
important to note that the surface temperature peak times varied depending on the 
material. It can be concluded that the mean surface temperature of concrete and asphalt 
increases until 2:30 pm, and for red bricks until 1:30 pm, metal and soil until 1 pm and 
for vegetation cover until 12 pm, before beginning to decrease.  
The mean value of LST for all categories was adjusted to the 10 am Landsat overpass 
time using the percent changes for the appropriate times of day. For example, the actual 
value of old red asphalt at 12:30 pm was 67.2 °C (see Table 6.4).The percent change 
in LST for this group of materials was applied in order to obtain an estimated value of 
54 °C at 10 am. 
6.3.2. Remotely sensed data   
This section describes how surface albedo and surface temperature were derived 
from Landsat 8 images for the study areas.  
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6.3.2.1. Surface albedo  
Surface reflectance level-2 products from Landsat 8 OLI, available from the U.S. 
Geological Survey website (USGS, 2018b), were used to retrieve the surface albedo. 
The formula of (Liang, 2000), which was normalised by Smith (2010) and is presented 
as Equation 6.1, was used to compute broadband albedos from the narrowband based 
on the surface reflectance values of the visible bands 2, 4, near-infrared band of 5, 
SWIR1 band of 6 and SWIR2 band of 7 of Landsat 8. These data were provided in 16-
bit signed integers in Geotiff format with values of surface albedo ranging from 0 to 
1. This procedure has been shown to produce accurate results in deriving shortwave 
broadband albedo from surface reflectance satellite data (i.e., Landsat) in previous 
studies (e.g., Naegeli et al., 2017; He et al., 2018). 
α= ((0.356⍴2) + (0.130⍴4) + (0.373⍴5) + (0.085⍴6) + (0.072⍴7)-0.018)/1.016           (6.1) 
Where:  
α    = Surface albedo 
⍴i   = At-surface reflectance values of Landsat 8 bands of 1,2,4,5,6, and 7 
6.3.2.2. Surface temperature  
The surface temperatures were retrieved from thermal infrared band 10 of the Landsat 
8 image. The procedure to estimate surface temperature from Landsat data was 
described in Section 4.3.2.  
6.3.3. Validating surface albedo and land surface temperature  
It was considered imperative to validate adjusted field data for surface albedo and 
surface temperature. Since thermal remote sensing has been successfully used in a 
range of applications, maps of surface albedo and surface temperature derived from 
the Landsat 8 image, which had already been validated with other thermal maps and 
metrological data (see Sections 4.4.2), were selected to verify the adjusted field data. 
For this purpose, a sampling method was applied to extract the mean value from each 
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map sample covering an area of 30 × 30 m for surface albedo and surface temperature, 
and targeted on field sampling coordinates (Figure 6.3).  
In this work, albedo was derived from multispectral bands of Landsat 8 OLI data using 
surface reflectance level-2 products provided by the USGS. In order to interpret the 
results, a pan-sharpening technique was subsequently used. The ESRI pan-sharpening 
transformation algorithm was adopted, which uses both multispectral bands and a 
panchromatic band (Thomas et al., 2008; ESRI, 2015).  
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Figure 6.3 Location of field observations within the study area, sampling locations 
in-situ (left) and on Landsat (right). 
The average value of each category was computed from several image areas that 
matched the field sample sites within the study area. As a result of the differing spatial 
resolutions, different numbers of categories (eleven and five) were selected to compare 
surface albedo and surface temperature, respectively. Regression analysis between 
 Chapter 6        Thermophysical behaviour of urban LULC categories 
128 
 
adjusted field work data and Landsat derived values of surface albedo and temperature 
for various categories was carried out. 
6. 4. Results and discussion  
This section first examines the relationship between Landsat derived surface albedo 
and surface temperatures and selected adjusted field measurements, as shown in Table 
6.4. Then, the influence of thermal properties on the adjusted surface albedo and 
surface temperature mean values is assessed for the 24 LULC categories of Perth 
(Table 6.4 and Figure 6.4). 
Table 6.4 Actual and adjusted surface albedo and temperature measurements for 
urban LULC surfaces. 
Group No Materials 
Actual measurements Adjusted measurements 
Albedo 
LST 
°C 
Time Albedo LST °C Time 
1 
1 New concrete 0.411 37.7 10 0.411 37.7 10 
2 Old concrete 0.209 47.5 11:30 0.218 41 10 
2 
3 New black asphalt 0.065 55.7 10 0.065 55.7 10 
4 Old black asphalt 0.152 50.2 10 0.152 50.2 10 
5 New red asphalt 0.13 70.3 2 0.136 54.7 10 
6 Old red asphalt 0.148 67.2 12:30 0.163 54 10 
 7 Rubber 0.137 54 10 0.137 54 10 
3 
8 Red brick 0.171 55.3 11 0.177 46.9 10 
9 Yellow brick 0.247 59.7 2:30 0.246 44.8 10 
10 Red Tile 0.285 51.7 11 0.291 43.8 10 
11 Brown Tile 0.159 64.8 12 0.171 50.9 10 
12 Green Tile 0.242 58.8 3 0.233 45.1 10 
4 
13 White Metal 0.511 49.5 9:30 0.504 54.1 10 
14 Red Metal 0.287 70.1 12 0.299 57.3 10 
15 Grey Metal 0.34 69.8 12:30 0.355 56.6 10 
16 Green Metal 0.256 57.2 3 0.247 59.8 10 
17 Brown Metal 0.206 66.5 3 0.197 69.6 10 
5 
18 Grass 0.281 35.4 10 0.281 35.4 10 
19 Shrubs 0.224 35 3 0.215 32 10 
20 Trees  0.152 36.2 11:30 0.161 30.7 10 
6 
21 Bare land 0.293 56.6 2:30 0.292 49.5 10 
22 Soil  0.278 58 11:30 0.287 47.2 10 
23 Mulch 0.204 51.9 10 0.204 51.9 10 
7 24 Water 0.031 30.4 11 0.031 30.4 11 
 
 Chapter 6        Thermophysical behaviour of urban LULC categories 
129 
 
 
Figure 6.4 Adjusted surface albedo and temperature values. 
6.4.1. Verifying adjusted field measurements with Landsat 8 derived values for 
surface albedo and temperature  
Surface albedo and surface temperature play an effective role in a variety of studies, 
including urban studies, climate studies and environmental studies. Therefore the 
comparison of adjusted field values of these factors with the validated maps derived 
from Landsat 8 data was considered necessary for the following analysis.    
For surface albedo, the mean values of eleven land use surfaces in Perth were selected 
for determining the correlation between field measurements and Landsat derived 
values (Table 6.5). Examination of the correlation coefficient of surface albedo from 
field data and Landsat showed a strong positive correlation (r2 = 0.936) (Figure 6.5). 
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Table 6.5 Comparison between adjusted field based albedo and Landsat 
derived albedo. 
Surface albedo values 
 Materials Field work Landsat 8 Difference 
1 Old concrete 0.218 0.228 -0.01 
2 Old black asphalt 0.152  0.143 0.009 
3 Old red asphalt 0.163  0.151 0.012 
4 Red Tile 0.291  0.197 0.094 
5 White Metal 0.504  0.463 0.041 
6 Red Metal 0.299   0.241 0.058 
7 Grey Metal 0.355  0.280 0.075 
8 Grass 0.281  0.257 0.024 
9 Trees  0.161  0.121 0.04 
10 Bare-soil 0.287  0.272 0.015 
11 Water 0.031 0.039 -0.008 
 
 
Figure 6.5 Relationship between adjusted field-based albedo and Landsat 
derived albedo. 
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The map in Figure 6.6 shows the spatial distribution of surface albedo, which reveals 
clear edge effects for most categories, especially those having a large area. This edge 
effect assisted in distinguishing the different urban cover surfaces and was used to 
identify the features. 
 
Figure 6.6 Surface albedo map of Perth as derived from the Landsat 8 image. 
For surface temperature, the adjusted field work data was also verified using Landsat 
8 data derived from band 10 (Figure 6.7), but using fewer categories, since it was 
difficult to extract individual values for LULC surfaces within the central metropolitan 
area of Perth. Therefore, the mean values of the categories were computed based on 
the weight of each category within the sampling grid square (see Section 6.3.3).  
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Figure 6.7 Land surface temperature map (in °C) of Perth. 
As shown in Table 6.6 and Figure 6.8, a reasonably good agreement was found for 
these categories with a strong positive correlation (r2= 0.868) between Landsat values 
and field data. However there were significant differences for certain categories.   
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Table 6.6 Comparison between field measurements and Landsat 8 data for surface 
temperature (°C). 
Surface temperature mean values °C 
 Materials Field work Landsat 8 Difference 
Raw adjusted Raw adjusted 
1 Grass 35.4 35.4 34.1 1.3 1.3 
2 Trees 36.2 30.7 32.0 4.2 -1.3 
3 Bare-soil 56.6 48.3 40.5 16.1 7.8 
4 Water 30.4 30.4 27.1 3.3 3.3 
5 Built-up 61.3 44.4 37.3 25.7 7.1 
 
 
 
 
Figure 6.8 Relationship between adjusted field work data and Landsat 8 for LST. 
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A number of possible reasons, mostly associated with the circumstances of field 
measurements, are expected to have an effect on the LST values. The field 
measurements of water bodies in this study were taken from several different locations, 
which were twenty meters away from the edge of the rivers. These locations may not 
accurately represent the values for the middle of the river due to the depth of water, as 
well as the conditions of water in terms of purity. Hence some disparity between 
datasets may be expected. The analysis revealed that the extracted value from Landsat 
8 was 27.1 °C whereas the field value was 30.4 °C for water bodies. This result was 
expected also because the thermal pixels of Landsat 8 cover a large area of water 
surface with differing depths. In contrast, field values of water were measured from 
shallow locations at 11 am (and were not adjusted for diurnal variation), and this delay 
may have allowed absorption of extra heat by those water bodies. According to Webb 
and Zhang (1997), the surface albedo and temperature of river water varies from one 
place to another depending on flow rates and the level of suspended materials.  
The average values of bare-soil were significantly different in surface temperature 
between datasets (48.3 °C from field work, compared to 40.5 °C estimated from 
Landsat). The surface temperature values of bare-soil categories were observed from 
vacant land within the study area, which included homogeneous area of mulch, sandy 
soil, and bare-land. While, the categories represented by several heterogeneous areas 
included sandy soil, cultivated land, land covered by mulch and woody weeds for 
Landsat derived surface temperatures. As a result, in-situ value was higher than the 
estimated Landsat based surface temperature.  
For built-up areas, LST obtained from field work represented the mean value of 
concrete, roof tiles and asphalt whose values varied, being 39.3 °C, 43.8 °C and 50.2 
°C respectively. The difference in LST between field work and Landsat data was found 
to be 7.1 °C. This difference is related to the large pixel size of Landsat TIR bands 
which may have failed to truly represent each material within the complex built-up 
surfaces. Also, it can be concluded that the samples may have been influenced by the 
character of neighbouring surfaces. 
In contrast, grass and tree categories did not demonstrate a substantial difference in 
surface temperature between datasets, which may be mainly due to the fact that these 
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categories included large areas completely covered by these surfaces. However, there 
is a slight observed variation which is related to conditions mentioned in section 6.4.2.    
For the grass category, the value of surface temperature obtained from the field was 
35.4 °C while the estimated value from Landsat was 34.1 °C. This difference may have 
occurred as a result of heterogeneous grass types in the study area. Estimated surface 
temperature from Landsat provided a mean value for one pixel (10,000 m2 resampled 
to 900 m2), but field data represented a small area (0.5 m2) on the ground, which was 
a sufficiently small scale to be affected by heterogeneity.  
Similarly, the trees category had a surface temperature of 30.7 °C from the field and 
32.0 °C from Landsat 8. The field measurements were taken from two types of trees, 
which may have been unrepresentative of the entire category. Whereas, the satellite 
image is likely to encompass all types of trees. The observed temperature difference 
between methods may, therefore, be related to the density of different tree types as 
well as their different moisture content, which may have a variable effect in reducing 
surface temperatures. 
An analysis and comparison of adjusted measurements is therefore found to be 
reasonable and satisfactory. 
6.4.2. Thermophysical behaviour of urban LULC surfaces  
The results of field measurements of surface albedo and surface temperature were 
reported for all selected LULC categories in Table 6.4 and Figure 6.4. It is apparent 
that there are variations in surface albedo and temperature values among categories 
resulting from the interaction of solar radiation and urban cover surfaces, as their 
optical properties such as reflectance, absorption, and transmittance vary considerably. 
Generally, it may be seen that the metal group had the highest surface temperature 
(54.1-69.6 °C), followed by the asphalt (50.2-55.7 °C), bare land (47.2-51.9 °C), bricks 
(43.8-50.9 °C), concrete (37.7-41 °C), vegetation (30.7-35.4 °C) and water (30.4 °C) 
categories. In this study, surface albedo and surface temperature of impervious 
surfaces are characterised by a greater effect on the urban environment relative to non 
impervious surfaces. In particular, built-up areas with dark colours absorb solar 
radiation during the day and release it at night. On the other hand, it is apparent that 
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the thermal behaviour of vegetation has lower contribution to Perth’s urban heat 
environment than other LULC surfaces, as dose the water category. Light coloured 
surfaces have higher values of albedo and lower surface temperatures compared with 
dark coloured surfaces, which have a lower albedo and higher surface temperatures. 
Moreover, an inverse variation in trend over time between observed surface 
temperature and surface albedo was identified. It was found that surface temperature 
increases in the morning and reaches peak in the afternoon based on the type of 
material, and then started to decrease. Conversely, surface albedo decreases 
continuously, reaches its minimum at noon and then increases again. This outcome 
agrees with previous studies (Igusky, 2008; Zhang et al., 2012b) which described the 
relationship between the surface temperature and surface albedo. This difference 
produces different effects on the urban environment, depending on the types of land 
cover, time, geographic location, climate etc.  
The following sections describe the results of different surfaces based on field analysis.  
(1) Concrete group  
This group included two types of concretes based on their age. The first type is new 
concrete with lighter colours and the second is old concrete with darker colours. New 
concrete had a higher albedo (0.411) and lower surface temperature (37.7 °C) 
compared with old concrete, which had an albedo of 0.218 and a surface temperature 
of 41 °C. The results showed that dropping albedo by approximately one half over 
time increased surface temperature by approximately 3.3 °C. This indicates that the 
albedo and temperature of concrete surfaces have an inverse behaviour with time, as 
described above.  
(2) Asphalt and rubber group 
This group had the highest heat absorption due to its dark and rough surfaces. In 
addition, they have high heat capacity and low thermal conductivity. Due to their 
thermal properties, these categories absorb heat and retain it for a long time, reaching 
their peak temperatures at 2:30 pm, hours later than most others categories. This group 
is also affected by aging, which leads to a change in the values of surface albedo and 
temperature with time. The measured temperature values for new black and red asphalt 
were higher than old black and red asphalt, which may be directly related to their 
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relative reflectance and absorption of radiation. Red asphalt, therefore, tends to have a 
more positive impact on urban environment than black asphalt. Rubber is used to cover 
concrete roofs, and has the same trends as asphalt in terms of thermal behaviour.   
(3) Bricks and tiles group 
These types of materials are highly variable and also occur in different colours. Red 
and yellow bricks that are used for paving ground and red, green and brown tiles which 
cover most roofs in the study area are made from clay. Yellow bricks had higher 
albedos and lower surface temperatures than red bricks. The highest albedo (0.291) 
and lowest surface temperature (43.8 °C) were observed for red tiles, followed by 
green tiles with 0.233 and 45.1°C respectively, and lowest albedo (0.171) and highest 
surface temperature (50.9 °C) was observed for brown tiles. It was observed that, 
despite the fact that this group has relatively low heat capacity, their thermal behaviour 
depends on surface characteristics. In this group, lighter coloured surfaces may be 
characterised by lesser thermal impacts, because these kinds of materials have higher 
reflectance of solar radiation.  
(4) Metals group 
The metallic material that covers some rooftops in the study area is mostly 
Colorbond® steel, which is composed of high quality pre-painted steel. According to 
BlueScope Steel (2012), the white colour may be characterised as a cool material 
compared with others coloured metals (in shades such as green, blue and brown), 
which have lower albedos and higher surface temperatures. The results confirmed that 
the white paint had the highest albedo and lowest surface temperature, and that albedo 
values reduced and surface temperature values increased gradually from colour to 
colour such as grey, red, green and brown (Table 6.4). It can also be seen that there 
was a significant difference between light colour (white) and dark colour (brown) in 
both values of albedo and surface temperature. Metals, in general, have high 
absorption and emittance of heat due to their heat capacity and thermal conductivity 
(Martinez, 2016).  
(5) Vegetation group 
In this group, vegetation areas included grass, shrubs, and trees, which have surface 
albedos ranging from 0.161 to 0.281 and surface temperatures ranging from 30.7 to 
35.4 °C. This variation is due to the varying characteristics of plants, including density, 
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shape, water content, etc. In addition, vegetation cover has a wide variation in the 
values of its heat capacity, which in turn strongly depends on moisture content. The 
surface albedo mean values of grass, shrubs, and trees were found to be 0.281, 0.215 
and 0.161, respectively. Surface temperature mean values were 35.4°C, 32 °C and 30.7 
°C respectively. This group is unusual in its thermal behaviour compared with the other 
groups. These results indicate an inverse thermal behaviour of vegetation compared 
with non-vegetation categories, in that higher albedo correlates to higher surface 
temperatures. These results correspond with a previous study (Rajabi & Abu-Hijleh, 
2011). 
(6) Bare-soil group  
This group consists of soil, bare land, and mulch. Its surface albedo mean value ranged 
from 0.204 to 0.292 and surface temperature mean values ranged from 47.2 to 51.9 
°C. This wide range in values is related to the surface characteristics of materials. 
Surface albedo of bare land (0.292) was found to be higher than soil (0.287) and mulch 
(0.204). Whereas, its surface temperature value (49.5 °C) was higher than soil (47.2 
°C) but less than mulch 51.9 °C. The categories of soil and mulch follow the general 
reverse correlation between surface albedo and temperature, but bare land does not 
appear to fit this relationship. This may occur due to the fact that bare land is partly 
covered with patches of dead grass, thus potentially increasing both values of albedo 
and surface temperature. However, mulch has low reflectance and high absorption of 
solar radiation, resulting in a higher thermal capacity. This may have led to a lower 
albedo value of 0.204 and higher surface temperature of 51.9 °C.  
(7) Water group 
This group involved only rivers, which represented a large, apparently homogeneous 
area. Its surface albedo and temperature were 0.031 and 30.4 °C, respectively. It can 
be inferred that water has a high absorption and low reflectance of radiation, and 
consequently stores more heat than other categories, due to its high heat capacity 
(Table 6.2).   
In summary, the above results indicate that, despite the fact that each group has similar 
thermal properties, certain categories have different thermal behaviours depending on 
the surface characteristics of each category.   
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In general, lighter coloured surfaces have higher albedos and lower surface 
temperatures compared to darker coloured surfaces, which have lower albedos and 
higher surface temperature. Surface albedo and temperature of built-up categories are 
characterised by a greater impact on the environment compared with non-built up 
categories. Built-up areas with a dark colours are able to store more heat from solar 
radiation during the day and radiate in night. Also, as shown in Table 6.3, the thermal 
accumulation of the LULC categories depends on the time of day of radiation 
absorption. In this study, LULC categories that had higher thermal accumulation were 
asphalt and concrete: their surface temperature was higher than other categories, and 
their influence may be more evident after sunset.   
In contrast with other types of materials that have the capability to store heat more 
throughout the day, metals can affect the urban environment during daytime because 
of their low heat capacity and accumulation.  
On one hand, analysis of the surfaces in built-up areas showed that some categories 
such as white bare metal, new concrete, and red tiles reflect a significant part of 
incoming solar radiation, suggesting a mitigating effect on the development of any 
UHI. In contrast, other surfaces had low reflectance and high absorption, such as black 
asphalt, rubber, old concrete, red bricks, and dark coloured metal. These covers may 
produce significant amounts of heat, particularly after sunset, thus leading to an 
increased UHI effect. 
6. 5. Chapter summary 
In the urban environment, in-situ measurements of albedo and LST are necessary for 
assessing the thermal behaviour of LULC. This chapter presented a detailed analysis 
about the effect of the thermophysical performance of most urban LULC surfaces in 
Perth using field observations during hot summer days. Data from field work was 
adjusted using a method that corrected for the time of day of measurement. The 
adjusted data was correlated with a Landsat 8 image. Thereafter, these findings were 
discussed in more details to quantify effects of urban LULC surfaces on the UHI of 
Perth. The results confirmed that the use of the adjustment on field measurements is 
practical for identifying the thermophysical behaviour of urban LULC surfaces. 
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7. Conclusions and recommendations 
7. 1. Introduction 
This thesis evaluated the impact of the surface urban heat island (SUHI) in two cities, 
Baghdad and Perth, with the use of Landsat data and field measurements. It presented 
a comprehensive analysis, and addressed three main objectives. The first was to 
quantify the spatiotemporal expansion of impervious surfaces during the past five 
decades and assess its effects on the SUHI (chapter 4). The second was to examine the 
effect of spatial patterns of urban LULC categories on the LST pattern (chapter 5). The 
third was to investigate the influence of urban LULC characteristics on urban thermal 
environments (chapter 6).   
The energy budget of the urban surface was defined by its surface temperature and 
albedo. Therefore, the adopted method regarding adjusting field observations with the 
Landsat data for LST and albedo can accurately contribute in evaluating the urban 
environments at local scale. Using urban landscape indices as a factor in determining 
surface temperature patterns can also add more information to the SUHI.   
The most important finding of this work was that the spatial patterns of urban 
landscape and the characteristics of urban surfaces had significant impacts on the LST 
patterns that occurred in both cities, irrespective of the amount of urban expansion. 
The outcome of this study are expected to be valuable for researchers, urban planners, 
environmental engineers who work in urban thermal environment. It could further help 
to achieve sustainable development goals in the urban environment. 
In this chapter, the results and discussions of these objectives are summarised, 
concluded, and further recommendations are given in the following three sections. 
In this chapter, the results and discussions of these objectives are summarised, 
concluded, and further recommendations are given in the following three sections. 
7. 2. Spatiotemporal dynamics of impervious surfaces and LST 
Chapter 4 presented a quantitative evaluation of the spatiotemporal dynamics of 
impervious surfaces during the summers of 1976, 1984, 1992, 2000 and 2015 for 
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Baghdad, and 1974, 1988, 1997, 2008 and 2015 for Perth using multi-date Landsat 
data. The spatiotemporal variations of the LST pattern for the same datasets above 
(excepting the 1970s) as well as the temporal and seasonal variation of the SUHI for 
both cities were also investigated. The results revealed that: 
a) The adopted approach for extracting impervious surfaces used in this work was 
effective with regard to the accuracy level of ISA maps.  
b) Combining ISA maps with a zones division was another powerful approach 
described in chapter 4 for determining precise amounts and directions of built-
up area changes over time. 
c) The area of impervious surfaces for Baghdad increased by 18.6% during the 
period from 1976 to 2015, whereas Perth had increases of 14.1% during the 
period from 1974 to 2015. However, LST of built-up areas and then the SUHI 
intensity were significantly elevated in Baghdad in comparison to Perth.  
d) Impervious surface area was proved to be an important indicator that can be 
effectively used to study the effects of urban heat islands in addition to other 
environmental issues. 
e) Evaluation of the spatiotemporal variations of impervious surfaces and LSTs 
of two contrasting cities from developed and developing countries, each having 
hot summers, is expected to benefit researchers working within the area of 
urban thermal environment. 
7.2.1. Recommendations 
a) It may be important to investigate the relationship between impervious surface 
area and SUHI using higher spatial resolution datasets (e.g., Sentinel imagery). 
Spectral mixture analysis (SMA) can typically be used for the analysis (Tromp 
& Epema, 1998). 
b) It is recommended that the spatiotemporal changes in major LULC categories 
(i.e., vegetation cover, water bodies, and bare land along with impervious 
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surfaces) be quantified, and their relationships with the LST pattern be 
compared.  
c) The problem of spectrally-mixed pixels over urban areas using Landsat data, 
particularly between bright impervious surfaces and dry soil, still exists (Weng 
& Hu, 2008; Weng, 2012). Fusion of a nighttime thermal image with daytime 
multispectral bands, which were examined by the author (Naem et al., 2016), 
could be a feasible approach to overcome this problem using ISA techniques. 
7. 3. Urban landscape pattern and LST 
Chapter 5 first quantified the spatial distribution of land use and land cover (LULC) 
categories, as well as the intensity of impervious surfaces. It then examined the 
relationship between LST and each of the percent ISA and landscape metrics using, 
Shannon’s diversity index (SHDI), modified Simpson’s evenness index (MSIEI), 
Shannon’s evenness index (SHEI), and patch density (PD). The analysis of the 
relationships was employed to understand the extent to which the urban thermal 
environment is influenced by the spatial patterns of land use and land cover (LULC) 
categories. The analysis revealed that: 
a) Percent impervious surface area (PISA) and impervious surface analysis tool 
(ISAT) are useful parameters that can be used to provide detailed information 
about the distribution and amount of impervious surfaces in a specific area.  
b) The differences between the two cities in the spatial distributions of impervious 
surfaces intensities and their effect on the LST pattern was pronounced. 
c) Statistical analysis of the correlation coefficients indicated opposite relationships 
between Baghdad and Perth for the correlations for each of the landscape 
metrics with LST.  
d) Creating a grid of 100 × 100 m, matching the spatial resolution of thermal 
Landsat data, was an appropriate scale to extract and analyse values of PISA, 
landscape metrics, and LST within the urban environment.  
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e) Support and regulation by local authorities for green infrastructure within a 
city, in addition to strong planning regulations, have a significant impact on the 
urban thermal environment. 
f) Socioeconomic and political circumstances also had a significant effect on the 
behaviour of the urban thermal environments in the two cities.  
g) Studying urban landscape patterns in two contrasting cities may be useful for 
formulating sustainable urban environmental management by determining the 
causative factors and devising pertinent strategies for mitigating the effect of 
SUHI in cities. 
7.3.1. Recommendations 
a) Since there are a considerable number of landscape metrics that have been 
previously used in assessing the pattern and structure of the landscape, it is 
recommended that other spatial metrics also be compared with the LST pattern, 
at different scales over an urban area to determine further appropriate metrics 
to be used in analysing LST.  
b) In order to mitigate the effect of the UHI in Baghdad, it is recommended that a 
comprehensive environmental policy be implemented in terms of: 
 Increases in vegetation cover and water bodies, including their optimal spatial 
distribution within residential, industrial and commercial areas.  
 Implementing and monitoring environmental regulations and planning by the 
related authorities.  
7. 4. Urban LULC characteristics and LST 
Chapter 6 implemented an integrated approach, utilising field measurements and 
remotely sensed data, to investigate the thermophysical behaviour of urban LULC 
categories in Perth. In this study, a new hypothetical method was suggested for 
temporally adjusting the surface albedo and LST for all collected field data, to the time 
of the satellite overpass. The application and calibration of this method confirmed that 
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the adjusted field data was accurate and appropriate for analysing and characterising 
the impact various LULC categories on the urban thermal environment. This section 
of the thesis showed that: 
a) Surface albedo and LST, retrieved from Landsat data, may be effectively used 
as parameters to locate hot and cold spots, and to quantify the thermal pattern.   
b) Using albedo (at a scale of 30 × 30 m) along with LST (at 100 × 100 m), 
retrieved from Landsat data, it was possible to make thermal pattern 
interpretations of the urban areas to a good level of detail. However, field 
measurements of albedo and LST at a very fine scale over heterogeneous urban 
areas can provide further detailed information and more accurate outcomes for 
characterising the thermophysical behaviour of various urban LULC 
categories. 
c) Adjustment values of surface albedo and LST collected from field 
measurements at the time of satellite overpass may be an appropriate approach 
in analysing urban thermal environments. The problem of time differences 
among field measurements, and satellite data, could be overcome by this 
approach.  
d) The relationship between albedo and LST was found to be unusual for the 
vegetation group (i.e., grass, shrubs, and trees) compared with other LULC 
groups. This may be due to the physical characteristics of plants such as 
density, shape, water content, etc. 
e) The colour of various materials (e.g., due to painting) in urban surfaces is an 
important factor in determining the thermal behaviour of surfaces. 
7.4.1. Recommendations 
a) In order to investigate thermophysical behaviour of a greater number of 
LULC categories, further comparison experiments between field 
measurements and remotely sensed data should be attempted. It is 
recommended to use high spatial resolution remote sensing data to accompany 
the field work.  
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b) The urban thermal environment may be greatly influenced by the 
characteristics of urban land use surfaces. Therefore, using suitable 
building and paving materials, which have high albedo reflectance and less 
absorbance and heat storage, may contribute to mitigating the UHI effect.    
c) New technologies using Unmanned Aerial Vehicles (UAVs), which have 
been recently developed and devoted to use in remote sensing applications, 
can be employed to further characterise thermal behaviour of urban 
surfaces. This technique can provide significant advantages 
(Themistocleous, 2014): 
 Various sensors can be installed onto the platform, which is important for 
a more complete picture of urban areas. 
 A number of remote sensing techniques can be used with UAVs. 
 Reduction in time, effort and cost compared with a hand-held instrument.  
 Scale effects can be better considered when integrating UAVs data with the 
satellite data.  
d) It is recommended that the approach applied in this thesis be a used to 
examine other different climatic sites and the thermophysical behaviour of 
their urban surfaces. 
e) Further research to investigate the thermal behaviour of urban LULC 
surfaces in the evening or night, along with daytime, using both thermal 
remote sensing data and field measurements, should be conducted to 
improve our knowledge about their diurnal thermal variations.
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Appendix A 
Accuracy assessment tables of impervious surface area and LULC maps  
1. The study area of Baghdad  
a. Error matrix of the ISA map in 1976 
 
b. Error matrix of the ISA map in 1984 
 
c. Error matrix of the ISA map in 1992 
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d. Error matrix of the ISA map in 2000 
 
e. Error matrix of the ISA map in 2015 
 
f. Error matrix of the LULC classified map in 2015 
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2. The study area of Perth 
a. Error matrix of the ISA map in 1974 
 
b. Error matrix of the ISA map in 1988 
 
c. Error matrix of the ISA map in 1997 
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d. Error matrix of the ISA map in 2008 
 
e. Error matrix of the ISA map in 2015 
 
f. Error matrix of the LULC classified map in 2015 
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Appendix B 
 Section 1: The values of surface albedo and temperature retrieved from field 
work and Landsat 8 for various LULC surfaces, Perth 
1. The surface albedo values of field measurements  
 
New 
concrete 
Old 
concrete 
New black 
asphalt 
Old Black 
asphalt 
New red 
asphalt 
Old red 
asphalt 
 
0.414 0.214 0.072 0.161 0.129 0.162 
0.413 0.215 0.065 0.162 0.128 0.162 
0.411 0.201 0.065 0.155 0.129 0.162 
0.411 0.214 0.065 0.15 0.129 0.162 
0.41 0.213 0.065 0.14 0.128 0.162 
0.411 0.216 0.066 0.141 0.127 0.165 
0.411 0.213 0.062 0.141 0.134 0.164 
0.41 0.214 0.063 0.139 0.133 0.164 
 0.209 0.066 0.141 0.133 0.164 
 0.203 0.064 0.141 0.133 0.139 
 0.204 0.063 0.14  0.14 
 0.204  0.14  0.14 
 0.204  0.163  0.141 
 0.204  0.163  0.142 
 0.208  0.163  0.142 
 0.21  0.158  0.142 
 0.21  0.157  0.142 
 0.203  0.157  0.137 
 0.208  0.157  0.136 
   0.155  0.136 
   0.155  0.136 
   0.153  0.136 
   0.153  0.137 
   0.153   
Mean 0.411 0.209 0.065 0.152 0.130 0.148 
SD 0.0014 0.0049 0.0026 0.0088 0.0026 0.0122 
SE 0.0005 0.0011 0.0008 0.0018 0.0008 0.0025 
Count 8 19 11 24 10 23 
  Max value  Min value 
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 Rubber Red bricks 
Yellow 
bricks 
Red tiles 
Brown 
tiles 
Green 
tiles 
 
0.142 0.15 0.249 0.304 0.158 0.245 
0.141 0.15 0.248 0.307 0.157 0.244 
0.141 0.14 0.247 0.304 0.158 0.245 
0.141 0.148 0.247 0.303 0.162 0.244 
0.137 0.144 0.246 0.319 0.167 0.245 
0.139 0.143 0.247 0.316 0.171 0.245 
0.14 0.144 0.248 0.315 0.159 0.235 
0.138 0.143 0.247 0.315 0.155 0.245 
0.136 0.143  0.336 0.154 0.237 
0.136 0.194  0.338 0.155 0.236 
0.136 0.199  0.336 0.159 0.238 
0.136 0.199  0.335 0.157  
0.136 0.2  0.335 0.157  
0.136 0.2  0.32 0.159  
0.136 0.196  0.319   
0.135 0.195  0.321   
0.135 0.194  0.324   
0.134 0.193  0.324   
0.135   0.224   
0.135   0.224   
   0.224   
   0.226   
   0.227   
   0.228   
   0.229   
   0.229   
   0.224   
   0.225   
   0.226   
Mean 0.137 0.171 0.247 0.285 0.159 0.242 
SD 0.0025 0.0268 0.0009 0.0476 0.0047 0.0042 
SE 0.0006 0.0063 0.0003 0.0088 0.0013 0.0013 
Count 20 18 8 29 14 11 
  Max value  Min value 
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White 
metal 
Red metal 
Grey 
metal 
Green 
metal 
Brown 
metal 
Grass 
 
0.501 0.283 0.333 0.267 0.207 0.286 
0.5 0.288 0.329 0.256 0.209 0.284 
0.501 0.286 0.329 0.26 0.207 0.283 
0.499 0.288 0.335 0.248 0.207 0.283 
0.499 0.287 0.335 0.247 0.206 0.278 
0.498 0.291 0.333  0.208 0.278 
0.503 0.291 0.335  0.208 0.278 
0.502 0.291 0.334  0.204 0.277 
0.504 0.29 0.335  0.205 0.278 
0.493 0.291 0.335  0.205 0.272 
0.504 0.281 0.34  0.204 0.272 
0.518 0.286 0.336  0.205 0.271 
0.518 0.286 0.344   0.271 
0.52 0.285 0.344   0.27 
0.522 0.284 0.345   0.27 
0.518 0.285 0.345   0.274 
0.523 0.285 0.345   0.273 
0.524 0.284 0.348   0.274 
0.522  0.348   0.274 
0.511  0.348   0.275 
0.522  0.347   0.299 
0.518  0.347   0.299 
0.512     0.297 
0.517     0.297 
0.506     0.297 
0.514     0.284 
0.519     0.281 
0.516     0.28 
     0.281 
     0.281 
     0.281 
Mean 0.511 0.287 0.340 0.256 0.206 0.281 
SD 0.0095 0.0031 0.0066 0.0084 0.0017 0.0089 
SE 0.0018 0.0007 0.0014 0.0037 0.0005 0.0016 
Count 28 18 22 5 12 31 
  Max value  Min value 
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 Shrubs Trees Bare land Soil Mulch Water 
 
0.228 0.15 0.303 0.279 0.211 0.045 
0.238 0.154 0.302 0.278 0.21 0.034 
0.225 0.155 0.301 0.278 0.211 0.032 
0.225 0.154 0.301 0.278 0.211 0.031 
0.223 0.153 0.302 0.277 0.206 0.035 
0.223 0.15 0.322 0.277 0.207 0.035 
0.233 0.15 0.321  0.206 0.031 
0.22 0.15 0.321  0.205 0.035 
0.219 0.15 0.32  0.203 0.031 
0.218 0.149 0.319  0.205 0.038 
0.221  0.261  0.201 0.034 
0.217  0.261  0.201 0.029 
  0.262  0.191 0.028 
  0.258  0.183 0.029 
  0.258  0.186 0.029 
  0.258   0.025 
  0.259   0.026 
  0.322   0.026 
  0.301   0.026 
  0.302   0.025 
     0.026 
Mean 0.224 0.152 0.293 0.278 0.202 0.031 
SD 0.0063 0.0022 0.0262 0.0008 0.0089 0.0050 
SE 0.0018 0.0007 0.0059 0.0003 0.0023 0.0011 
Count 12 10 20 6 15 21 
  Max value  Min value 
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2. The surface temperature values of field measurements 
 
New 
concrete 
Old 
concrete 
New black 
asphalt 
Old Black 
asphalt 
New red 
asphalt 
Old red 
asphalt 
 
37.9 46.8 56.4 48.6 70.4 67.8 
37.4 45.8 55.9 48.2 70.3 66.2 
37.9 47.2 57 48.6 71.2 68.6 
 48.9 54.5 48.1 70 68.7 
 48 54.8 50.9 69.5 65.2 
 48  50.7  66.7 
   53.4   
   50.9   
   52.2   
Mean 37.7 47.5 55.7 50.2 70.3 67.2 
SD 0.289 1.088 1.057 1.904 0.622 1.401 
SE 0.167 0.444 0.473 0.635 0.278 0.572 
Count 3 6 5 9 5 6 
  Max value  Min value 
 
 
 Rubber 
Red 
bricks 
Yellow 
bricks 
Red tiles 
Brown 
tiles 
Green tiles 
 
53.4 54.5 60 51.8 65 60.2 
53.3 53.8 59.5 51.3 64.9 58.7 
58 57.9 59.6 50.5 64.2 59.5 
55.2 57.5 59.7 52.4 65.6 56.9 
54.1 56.4  52.6 65  
52.4 51.9   64  
51.7    64.6  
Mean 54.0 55.3 59.7 51.7 64.8 58.8 
SD 2.088 2.335 0.216 0.853 0.541 1.422 
SE 0.789 0.953 0.108 0.381 0.205 0.711 
Count 7 6 4 5 7 4 
  Max value  Min value 
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White 
metal 
Red 
metal 
Grey 
metal 
Green 
metal 
Brown 
metal 
Grass 
 
47.7 70.2 71.1 57.8 66 33.8 
49.2 69.5 69.3 55.4 66.5 36.1 
49.9 69.4 70.1 55.3 66.9 34.4 
49.3 71.1 69.3 59.1  36.9 
49.6 70.1 69.4 58.5  36.3 
49.5     35.9 
49.9     34.6 
49.9      
49.7      
49.8      
49.5      
49.4      
Mean 49.5 70.1 69.8 57.2 66.5 35.4 
SD 0.601 0.680 0.780 1.768 0.451 1.154 
SE 0.173 0.304 0.349 0.791 0.260 0.436 
Count 12 5 5 5 3 7 
  Max value  Min value 
 
 
 Shrubs Trees Bare land Soil Mulch Water 
 
34.2 37.6 56 58.4 52.3 30.8 
36.1 36.2 55.4 58 51.5 31.1 
36.7 39.6 56.6 57.5 50.2 30.6 
34.8 35.3 54.9  52.4 30.9 
33.7 34.7 57.5  53.1 30 
36.1 36.7 57.8   30.9 
33.6 34.8 56.7   30.6 
 35.2 58   29.2 
 35.7    30.1 
     30 
     30.6 
     30 
     30.9 
     30.4 
Mean 35.0 36.2 56.6 58.0 51.9 30.4 
SD 1.267 1.583 1.128 0.451 1.107 0.520 
SE 0.479 0.528 0.399 0.260 0.495 0.139 
Count 7 9 8 3 5 14 
  Max value  Min value 
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3. The surface albedo values derived from Landsat 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Old 
concrete 
Old Black 
asphalt 
Old red 
asphalt 
Red tiles 
White 
metal 
Red metal 
 
0.203 0.104 0.137 0.173 0.367 0.258 
0.248 0.135 0.174 0.244 0.375 0.224 
0.149 0.141 0.142 0.163 0.389 0.237 
0.225 0.132 0.145 0.193 0.478 0.232 
0.188 0.116 0.154 0.211 0.403 0.262 
0.291 0.171 0.17 0.192 0.587 0.229 
0.269 0.184 0.15 0.211 0.47 0.242 
0.232 0.145 0.158 0.175 0.635  
0.284 0.129 0.136 0.186 0.437  
0.196 0.134 0.146 0.196 0.505  
0.219 0.202 0.147 0.219 0.496  
0.192 0.152 0.151 0.196 0.417  
0.227 0.118     
0.274 0.142     
      
Mean 0.228 0.143 0.151 0.197 0.463 0.241 
SD 0.0413 0.0269 0.0118 0.0223 0.0836 0.0145 
SE 0.0110 0.0072 0.0034 0.0064 0.0241 0.0055 
Count 14 14 12 12 12 7 
  Max value  Min value 
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  Grey metal Grass Trees Bare land water 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
0.279 0.241 0.105 0.234 0.018 
0.195 0.273 0.117 0.237 0.049 
0.204 0.272 0.145 0.256 0.08 
0.249 0.235 0.138 0.25 0.048 
0.326 0.268 0.141 0.384 0.022 
0.296 0.267 0.119 0.301 0.041 
0.323 0.247 0.094 0.265 0.052 
0.392 0.256 0.106 0.321 0.044 
0.335 0.277 0.122 0.247 0.039 
0.205 0.269 0.114 0.225 0.032 
 0.248 0.129 0.272 0.029 
 0.236    0.032 
      0.025 
        
        
        
         
         
         
         
         
         
Mean 0.280 0.257 0.121 0.272 0.039 
SD 0.0661 0.0154 0.0162 0.0470 0.0163 
SE 0.0209 0.0044 0.0049 0.0142 0.0045 
Count 10 12 11 11 13 
  Max value  Min value 
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4. The surface temperature values derived from Landsat 8 
  Grass Trees Soil Water Built-up 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
36.7 31.8 40.9 27.9 34.5 
36.4 31.7 40.5 27.2 34.8 
36.1 31.5 38.5 25.7 38.3 
36.4 32.3 40.9 27.3 36.7 
32.1 32 41 27.1 36.4 
32.3 32.3 41 26.9 37.1 
32.8 32.2 40.3 26.8 37.4 
33 32.8 40.8 27 39.5 
32.9 29.8 40.8 28.1 36.6 
33.4 29.9 39.3 28.5 37.6 
33.9 34.2 41.2 26.2 38.3 
33.7 33.1 39.8 27.1 39.7 
33.6 32.2 41.2 27.3 38.7 
34.6 32.6   26.4 36.4 
         
         
         
Mean 34.1 32.0 40.5 27.1 37.3 
SD 1.619 1.141 0.814 0.738 1.551 
SE 0.433 0.305 0.226 0.197 0.414 
Count 14 14 13 14 14 
  Max value  Min value 
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Section 2: Visible and thermal images of various LULC surfaces were acquired 
by the FLIR E5 infrared camera in the field, Perth 
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Image showing the Pyranometer instrument used by the author for collecting albedo 
data in the field, Perth 
 
 
 
 
 
 
 
 
 
